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1. Introduction  
1.1. Oxygen uses  
Oxygen is colourless, odourless, tasteless gas that occurs naturally and 
has a boiling point of 144.2 K and a melting point of 90 K. 1
The  main  source  of  oxygen  in  nature  is  as  a  constituent  of  air,  which  is 
approximately 78% nitrogen, 21% oxygen and 0.9% argon by volume.
Oxygen is essential for life and it takes part in industrial processes.
Fig.1.1. Diagram showing oxygen applications. 2
An overview of oxygen applications from the total oxygen production of 
0.13·109m3/year is presented in Fig.1.1.
Oxygen is typically supplied with a purity of 99.5% or better.
The major use, ∼49%, is in metallurgical industry, e.g. steel production.
Other
∼4%
Combustion process
∼25%
Metallurgical 
industry
∼49%
Welding and cutting
∼6%
Medical applications
∼4%Petrochemical 
industry
∼6%
Glass making
∼6%
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In  steel  production,  in  the Bessemer process,  where oxygen from air  blown 
through the molten iron (15-18 tons of molten iron/charge) for the oxidation of 
the  impurities  in  the  iron  requires  and  the  heat  of  oxidation  raises  the 
temperature of the mass and keeps it molten during operation.
Furthermore oxygen (∼25%) is important for all combustion process, such 
as the burning of the hydrocarbon fuels where higher or lower emissions are 
crucial, 
The petrochemical industry requires oxygen (∼6%) for the conversion of 
natural gas to liquid fuels.
In the glass industry, (∼6%), oxygen/fuel combustion is used to reduce 
particulate and NOx emissions in melting operations.
For cutting and welding, (∼6%), is required for  oxyacetylene torch, that 
mixes and burns oxygen and acetylene to produce an extremely hot flame, 3753 
K. 3
Also the oxygen is needed for military and medical applications.
1.2. Oxygen production techniques  
As  was  mentioned  in  Chapter  1.1.,  high  purity  oxygen  is  a  major 
requirement  for  many  industrial  processes  and  for  many  advanced  energy 
technologies.
Because  oxygen  is  a  component  of  air,  it  has  been  studied  extensively  by 
different methods for its preparation.
The current conventional separation methods in industry can be classified 
into cryogenic and non-cryogenic techniques.
In  the  cryogenic  route,  the  air  is  purified,  cooled  to  liquid  form,  and 
oxygen is distilled from the liquid air.
The main non-cryogenic methods for oxygen supply are pressure swing 
adsorption  PSA,  technologies.  In  these  technologies,  molecular  sieves,  with 
preferential  absorption  of  nitrogen,  are  used  to  remove  nitrogen  in  the 
atmospheric air. The procedure is repeated until concentrate oxygen level is in 
between 95% and 99%.
In recent years it was developed a new method using ceramic materials in 
which driven separation mechanism can maintain stable, long-term operation.
The innovative gas separation technology is based on a class of dense ceramic 
materials called mixed ion electronic conductors - MIEC.
2
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1.3. Oxygen separation using dense mixed ionic and electronic conductor  
ceramic membrane
Membrane separation technology is one of the most vigorously developing 
research areas that can potentially substitute to the expensive cryogenic oxygen 
plants for oxygen production.
Generally a membrane is a structure having lateral dimensions much greater 
than its thickness and can be classified according to the nature of the material:
• natural membranes
• artificial  (synthetic)  membranes,  prepared  for  separation  tasks  in 
laboratory and industry, that consist usually of polymers or ceramics. And 
can be prepared in the form of flat sheets, tubes, capillaries and hollow 
fibers, in membrane systems like plate and frame, spiral wound module, 
hollow fiber modules, tube-in-shell module.
The materials of membrane construction can be classified 4 as following:
• Porous materials, divided, according to the diameter of pores (dp) into 
o macroporous  (dp >  50  nm);for  example  alumina  membranes  that 
provide no separative function and used to support layers of smaller 
pore size to form composite membranes, or in applications where a 
well-controlled reactive interface is required.
o mesoporous  (50  >  dp >  2  nm),  the  permeation  is  governed  by 
Knudsen  diffusion  and  typical  materials  are  Vycor  glass,  and 
composite membranes.
o microporous  (dp <  2  nm),  that  offer  the  potential  for  molecular 
sieving  effects,  with  very  high  separation  factors,  and  materials 
such as carbon molecular sieves, porous silicas and zeolites.
• Dense materials with no detectable pores
The  oxygen  permeable  ceramics  is  a  mixed  ionic  and  electronic 
conductor, MIEC, which can conduct oxygen ion and electron, simultaneously, as 
shown in the Fig. 1.2.a.
The MIEC essentially acts as a barrier between two chambers and only 
the  oxygen  ions  species  can  pass  through  the  membrane  under  a  chemical 
potential  gradient.  There  is  no  necessity  for  applying  voltage  for  oxygen 
transfer,  since the oxygen potential  gradient can be the driving force of the 
transportation of oxygen.
Oxygen can be passively separated from air to oxygen of high purity, at 
rates  that  are  affected  by  membranes  thickness,  oxygen  partial  pressure 
gradient, oxygen ion conductivity, and surface kinetics (Chapter 3).
3
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At the high oxygen partial pressure side, air side, the oxygen molecules are 
reduced into oxygen ions.
The  important  characteristic  of  this  membrane  is  the  oxygen  flux  5,6 
density that represents the quantity of oxygen permeated.
The oxygen flux density ji,  [kmol·m
-2·s-1] is the number of moles of a 
specified component, i, passing per unit time through a unit of membrane surface 
area normal to the thickness direction.
Fig.1.2.a. Illustration of  oxygen transport  scheme of a mixed ionic electronic 
conductor membrane
Fig.  1.2.b. Illustration  of  the  principle  of  the  conversion  of  natural  gas  to 
synthesis gas using a planar ceramic membrane
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Practiced commercial technology for making syngas is either by reacting 
methane with steam at high temperatures called steam methane reforming (SRM) 
or in a two-step process involving cryogenic oxygen separation followed by 
natural gas partial oxidation (POX). Steam reforming is highly endothermic and 
capital-intensive.
In  energy  unit,  the  world  proved  reserves  of  natural  gas  is  about  4127  EJ 
(exajoules, 1EJ= 10-18J) almost equal to the amount of 4749 EJ for crude oil 2 and 
may be substituted for or interchanged pipeline quality natural gas.
The partial oxidation of methane with pure oxygen in the presence of a catalyst 
has the major difficulty in the consumption of large quantities of expensive pure 
oxygen.
This  difficulty  may  be  overcome  by  using  oxygen-permeable  ceramic 
membranes  7,8,9 to  integrate  the  separation  of  oxygen  from  air  with  partial 
oxidation of methane on oxygen lean side, Fig. 1.2.a., as in the reaction:
CH4+½O2CO+2H2 (1.1)
This reaction combines oxygen separation with the oxidation and methan 
oxidation into a single process to produce syn-gas with an economic advantage 
over conventional technologies.
Transported oxygen reacts  with natural  gas on the fuel  side of  the ceramic 
membrane of the membrane to produce singes, Fig. 1.2.b.
The oxygen partial pressure of the gas atmospheres on the two sides of the 
membrane typically varies from 0.21atm on the air side as low as 10-17  atm on 
the methane side.
This process represents a truly revolutionary technology for conversion 
of natural gas to synthesis gas not only because it combines the three separate 
unit  operations  of  oxygen separation,  methane oxidation  and methane steam 
reforming into a single step, but also because it employs a chemically active 
ceramic material in a fundamentally new way.
However, mixed-conducting ceramics known at the present time exhibit 
several  specific  disadvantages  essentially  limiting  their  applicability  for  the 
membrane reactors.
The  disadvantages  which  are  limiting  their  applicability  for  the  membrane 
reactors are thermodynamically and dimensionally stability under large oxygen 
chemical gradient which is too low.
5
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2. Scope of the thesis  
Mixed conducting oxygen ion conductors can be applied as membranes for 
the separation of oxygen from air, as electrodes for both oxygen pumps and 
solid oxide fuel cells. 
In these applications, oxygen molecules dissociate on the surface of the 
material. The atomic oxygen species pick up two electrons each before they are 
incorporated in the oxygen anion sublattice. Oxygen transport through the bulk 
usually occurs by a hopping process.
In this work La2NiO4 based membranes are evaluated with respect to their 
transport properties, stability in different atmospheres and their aging.
Ceramic  oxides  materials  with  perovskite  related  structures,  e.g.  the 
K2NiF4 structure have been reported to exhibit substantial oxygen permeation 
flux,  which  makes  those  attractive  candidates  for  high-temperature  oxygen 
separation.
In  contrast  to  perovskite-type  membranes,  the  oxygen  flux  in  these 
materials is believed to be supported by oxygen interstitial ions.
The structure of La2NiO4 may be described as an intergrowth of rocksalt 
La2O3 layers and perovskite LaNiO3 layers. The rocksalt  layers accommodate 
interstitial oxygen, whereas the perovskite layers are assumed to host oxygen 
vacancies, according to theoretical calculations on point defect formation and 
migration.
The ability of La2NiO4 and series La2-xSrxNiO4 (x is the value of Sr content) 
solid solutions to oxidation, accommodating excess oxygen into La2NiO4+δ, and 
promise high oxygen ionic mobility with a possible high mobility in interstitial 
lattice sites and how additional defect, Sr doping affect this transport has been 
the motivating factor behind this work.
The  observed  transport  properties  are  described  in  terms  of  oxygen 
permeation behavior and a model calculation was performed based on Wagner 
theory  in  conjunction  with  data  of  oxygen  nonstoichiometry  and  diffusion 
coefficients from literature. 
Thermodynamically  stability  was  studied  in presence  of  several  p(O2) 
achieved by  CO and CO2 mixtures for a number of compositions of Sr doped 
La2NiO4, at different temperatures.
6
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3. Oxygen transport parameteres  
The process of oxygen permeation includes several continuous steps (Fig. 
1.2.a):
• surface reaction on upstream membrane surface
• oxygen ion diffusion the oxide bulk 
• and surface reaction on the downstream membrane surface
3.1. Nernst-Einstein equation for dense Mixed Ionic Electronic Membrane  
The  membrane  material  separates  two  environments  through  which  mass 
transfer may occur under a variety of driving forces  8 given by concentration, 
pressure, electrical or chemical gradient across the membrane.
When the oxygen is transported through a membrane in a steady state, there 
is no net charge current.
This relates the fluxes  ji of species i (in this case oxygen ions and electrons) 
with electrical charge zi by:
∑ =⋅
=
n
1i
0jz ii
 (3.1)
The common way of describing diffusion is through Fick’s laws.
Fick’s first law three dimensional shows the diffusive flux is proportional to the 
existing concentration gradient.
Fig. 3.1. In one dimensional diffusion schematically where is only gradient in x 
and for y and z is homogenous. c1>c2. The green arrows indicate planes of equal 
concentration c1, respectively c2.
III cDj ∇⋅−=  (3.2)
z
y
x(x1,c1)
(x
2
,c
2
)
+ -
j(O2-)
j(e-)
L
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where:
ji is the flux of a species i in moles per unit area time unit, mol·cm
-2·sec-1
Di is the diffusion coefficient along to the three principal crystallographic axes, 
will assume the dimensions, m2·s-1
ci is a concentration, mol·m
-3
and 
zyx ∂
∂
+
∂
∂
+
∂
∂
=∇  (3.3)
The negative sign in relation (3.2) indicates that particle flow occurs in a “down” 
gradient direction, i.e. from regions of higher to regions of lower concentration.
In a membrane process, the concentration gradient is applied only in one 
direction.  Therefore,  the  diffusion  equation  maybe  simplified  to  its  one 
dimensional form.
Once the process starts, Fig. 3.1., the number of ions crossing a given 
interface (the flux) is constant with time, according to Fick’s first law.
If  the  concentration  gradient  defined  in  (3.2)  is  substituted  with  the 
relation (3.3) for the one-dimensional case:
 x/cc II ∂∂=∇  (3.4)
equation (3.2) becomes:
iii c
x
Dj
∂
∂
⋅−=  (3.5)
In Fig. 3.1. along x-axis the concentration of species i, is varying from 
c1>c2, so the chemical potential is also varying along x-axis.
The chemical potential µi, is expressed by 
i
0
i RTlncμμ +=  (3.6)
where
0
iμ  is the standard chemical potential of a species 
μ is the chemical potential of a species i at temperature T (K)
R is the gas constant
The chemical potential variation:
1
20
1
0
2
c
c
RTlnμμΔμ +−=  (3.7)
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Chemical potential gradients act as the driving force for the movement of 
atoms. (a force is always the negative gradient of a potential, i.e. down the 
slope.),  c1>c2,  the  transport  occurs  from a  chemical  potential  higher,  so  the 
negative gradient of chemical potential, dµ/dx, a force for diffusion will occurs.
i
i
i
c
dc
TRdlncTRdμ ⋅⋅=⋅⋅=  (3.8)
Deriving the diffusion coefficient D,  using the electrochemical  potential 
equation (3.2) become 
iiiI μLj ∇⋅−=  (3.9)
iμ∇  is the gradient in chemical potential of a species i and Lii  is the transport 
coefficient.
Introducing (3.6) in (3.9)
)lnaRTμ(Lj i
Θ
iiii ∇+∇⋅−=  (3.10)
and because 0μ
Θ
i =∇  (3.10) becomes
iiii lnaLTRj ∇⋅⋅⋅−=  (3.11)
where ai, the activity of species i.
If the equation (3.11) is multiplied with
1
lnc
lnc
i
i
=
∇
∇
 (3.12)
relation (3.11) becomes
i
i
i
iii lnc
lnc
lna
LTRj ∇⋅
∇
∇
⋅⋅⋅−=  (3.13)
Replacing with 
i
i
i
lnc
lna
f
∇
∇
=  relation (3.13) and re-arranging is obtained
ii
i
ii
i cf
c
L
TRj ∇⋅⋅⋅⋅−=  (3.14)
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For diluted solution of defects if 1.
i
i
ii
i c
c
L
TRj ∇⋅⋅⋅−=  (3.15)
The diffusion coefficient becomes
i
iii
c
TR
LD
⋅
⋅=  (3.16)
and the chemical diffusion coefficient
i
i
ii
i f
c
L
TRD ⋅⋅⋅=
~
 (3.17)
In expression (3.17) a relation between the transport coefficient, Lii and 
the chemical diffusion coefficient iD
~
 is developed.
In  case  of  charged  particles,  they  can  migrate  without  concentration 
gradient if there is an electric field.
Φ⋅⋅=Φ⋅ eNF L  (3.18)
φ is of electrical potential
Electrochemical  potential,  is  a  thermodynamic  measure  that  combines  the 
concepts of energy stored in the form of chemical potential and electrostatics.
ΦFzμμ iii ⋅⋅+=
−
 (3.19)
zi is the valences of particles
Φ is internal potential of the phase where the sample is
F is Faraday’s constant
The electrochemical potential,
−
iμ , is the chemical work μi and electrical 
work ΦFz i ⋅⋅ , in bringing 1 mole of an ion from a standard state to a specified 
concentration and electrical potential.
Since  an  ionic  species  has  a  different  chemical  potential  in  different 
phases, as two adjacent phases come to equilibrium with respect to a given 
species which exists in both species, there is a transfer of charge between the
phases  until  the  difference  in  chemical  potential  of  the  charged  species  is 
balanced by the electrical energy of the species with charge zi in phase a with 
potential Φ
10
Miela-Anca Dragan
Defect Chemistry, Transport Properties and Thermodynamic Stability
of Acceptor Doped and Undoped Layered La2NiO4
Expressed  in  terms  of  the  standard  electrochemical  potential, 
electrochemical potential is:
( ) ΦFzaRTlnμμ ii0i0i ⋅⋅++=
−
. (3.20)
In equation
iiiI μLj ∇⋅−=  (3.9)
By replacing the electrochemical potential gradient with the driving force can be 
a contribution of the gradients of the chemical potential ηi, and the electrical 
potential φ,
ϕ∇⋅⋅+∇=∇ Fzμμ iii   (3.21)
becomes
EFzLμLj iiiiiii ⋅⋅⋅−∇⋅−=  (3.22)
In homogenous material
0μ i =∇  (3.23)
Relation (3.22) becomes
EFzLj iiii ⋅⋅⋅−=  (3.24)
where
iii jFzi ⋅⋅=  (3.25)
ELFzi ii
22
ii ⋅⋅⋅−=  (3.26)
The  conductivity  of  a  species  i,  can  be  related  to  the  charge  on  the 
species zi, the mobility, ui, and the concentration of the species, ci
ii
22
ii LFzσ ⋅⋅=  (3.27)
Ohm`law
Eσi ⋅=  (3.28)
where 
σ = partial conductivity
i is current density [A/cm2]
and E is the electric current [V/cm]
11
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Combining (3.17) and (3.28)
22
i
Iii
ii
Fz
σ
TR
cD
L
⋅
=
⋅
⋅
=  (3.29)
The following relation for partial conductivity is obtained
TR
cDFz
σ ii
22
i
i
⋅
⋅⋅⋅
=  (3.30)
function of the concentration of the species, ci and the diffusion coefficient Di, 
that is Nernst-Einstein equation.
The  diffusion  is  a  thermally  activated  process  and  the  temperature 
dependence  of  diffusion  appears  in  the  diffusivity  as  an  “Arrhenius-type” 
equation:
RT
a-E
0 eDD ⋅=  (3.31)
where Do is a temperature independent constant, Ea is the activation energy.
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3.2. Bulk ionic transport  
The bulk  migration  of  oxygen transport  in  MIEC is  due  to  the  mobile 
structural and electronic defects.
Because the mobile defects  are charged the driving force is  represented by 
gradients of electrochemical potentials acting on each charge carrier.
In a system where the ionic and electronic charge carriers have different 
mobilities, the electrical potential gradient Φ∇  is non-negligible even when no 
external  electric field is applied.  It  causes the faster charge carrier  to slow 
down and the slower charge carrier to accelerate.  In this  way,  local  charge 
build-up is prevented. A coupling condition exists for the charge carrier fluxes, 
usually called dynamic electroneutrality.
General flux equation for charged particles like in permeation
The dynamic electroneutrality condition implies
0=−⋅
−− eO2 jj2-  (3.32)
In the following the subscript 1 is for (O2-) and 2 for (e-).
In general form (3.32) becomes
0jzjz 2211 =⋅+⋅  (3.33)
Replacing the transport fluxes similarly to (3.21):
ϕ∇⋅⋅⋅−∇⋅−= FzLμLj 1111111  (3.34)
ϕ∇⋅⋅⋅−∇⋅−= FzLμLj 2222222  (3.35)
(3.33) becomes
( ) ( ) 02 =∇⋅⋅⋅−∇⋅⋅∇⋅⋅⋅−∇⋅⋅ ϕϕ FzLμL-FzLμLz- 2222221111111 z  (3.36)
and rearranging (3.36)
( ) 1111222222222111 μLzμLzFzLzL- ∇⋅⋅+∇⋅⋅=∇⋅⋅⋅−⋅ ϕ  (3.37)
( )22222111
11112222
zLzL-
μLzμLz
F
⋅−⋅
∇⋅⋅+∇⋅⋅
=∇⋅ ϕ  (3.38)
Inserting equation (3.38) in (3.34)
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( )22222111
11112222
111111
zLzL-
μLzμLz
LzμL
⋅−⋅
∇⋅⋅+∇⋅⋅
⋅⋅−∇⋅−=1j  (3.39)
It maybe assumed the chemical equilibria (Fig.1.2.a):
½O2 ⇄ O2--2e- (3.40)
between lattice oxygen, electrons and molecular oxygen.
Applied to these species, the electrochemical potential gradient
221 22
1 µµµ ∇⋅+∇=∇ O  (3.41)
Taking into account that z1= z(O
2-)=-2, z2= z(e
-)=-1 yields for the flux of O2-
( ) O222222111
22112
1 μ
zLzL-
LLz
j ∇⋅
⋅−⋅⋅
⋅⋅
−=
2  (3.42)
From (3.27)
22
1
1
11
Fz
σ
L
⋅
=  (3.43)
22
2
2
22
Fz
σ
L
⋅
=  (3.44)
O2
2
2
222
2
22
122
1
1
22
2
2
22
1
1
2
1 μ
z
Fz
σ
z
Fz
σ
Fz
σ
Fz
σ
z
j ∇⋅




⋅
⋅
−⋅
⋅
−⋅
⋅
⋅
⋅
⋅
−=
2
 (3.45)
O2
21
21
21
μ
σσ
σσ
F
j ∇⋅
+
⋅
⋅
⋅
−=
8
1
 (3.46)
With the definition of the chemical potential (3.37) and taking in account that
( ) ( )−⋅= 22 Oj21Oj  (3.47)
After integration, the oxygen flux becomes
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( ) ( )
( )
( )
∫ ⋅+⋅⋅⋅⋅ ⋅−=
LO2lnp
O2lnp
2
21
21
22
Odlnp
σσ
σσ
LF16
TR
Oj
0
 (3.48)
ji is the molar flux density in units of moles per area and time
σi is the partial conductivity
zi the charge number and
F is Faraday constant
The thickness of the membrane is L and its interfaces are exposed at the higher 
and lower oxygen partial pressure side to atmospheres with partial pressures 
p’(O2) and p“(O2), respectively.
This is the Wagner equation 10,11,12 for the ambipolar diffusion of ions and 
electronic charge carriers, which effectively leads to a net flux j(O2) of neutral 
oxygen.
It was derived originally to describe the oxide film growth on metals.
The ambipolar conductivity, σamb, S·m
-1, is defined by 
elion
elion
amb
σσ
σσ
σ
+
⋅
=  (3.49)
where σion is the ionic conductivity and σel is the electronic conductivity.
The ambipolar conductivity can also be written in an empirical form
( )pO2n
O20amb pσσ ⋅=  (3.50)
where σ0 is a constant and n is called the order of the ambipolar conductivity.
During of the experiments usually the driving forces are small and a linear 
relation between the flux and driving force may be assumed for each i species:
The effects between the charge carrier fluxes are neglected.
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3.3. Surface transport properties  
Equation (3.40) is valid only when the bulk transport of oxygen rate limits 
the oxygen permeation.
In real case the surface exchange reaction at the gas oxide interface does 
have partial control over the permeation rate the reaction of oxygen between 
oxide surfaces and the gas phase involves a series of reaction steps, each of 
which may be rate determining 13,14
A membrane is dived into 
- a central bulk (Wagner) zone
-  and adjacent interfacial zones,
emphasizing the importance of  both solid state diffusion and surface oxygen 
exchange to the magnitude of the oxygen flux.
The rate at which oxygen permeates through the membrane is controlled 
by two factors:
- the rate of solid state diffusion in the membrane 
-  the interfacial oxygen exchange on the both sides of the membrane
The process of oxygen incorporation in the solid from the gas phase is a 
chemical reaction which proceeds at a finite rate.
It involves the chemisorption of oxygen as a molecule at the surface, splitting of 
the oxygen bond to form oxygen atoms, charge transfer and the incorporation of 
oxygen anions into the oxide.
In  this  section,  the  most  used  surface  transport  coefficients  will  be 
introduced and the relations between them will be explained.
In Fig 3.2 is shown the available driving force is distributed across the 
membrane as a contribution of the bulk and interfacial zones, where the single 
and double prime denotes the high and the low oxygen partial pressure sides.
Linear kinetics for diffusion and interfacial exchange, the flux balance is given 
by the drop in  chemical  potential  across the  membrane due to  the different 
oxygen partial pressure. The largest drop occurs across the least permeable 
zone.
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Fig.3.2. The schematic of the distribution of the chemical potential of oxygen 
across a membrane.
The transport parameter used to describe the rate of surface exchange is 
the surface exchange coefficient  kO,  which is directly accessible from  
18O/16O 
isotopic exchange data  15. The rate of O2 exchange at the surface in chemical 
equilibrium j(O2).
Exchange  oxygen  flux,  
ex
O2j ,  in  the  absence  of  oxygen  potential  gradient,  is 
related to the surface exchange coefficient by 14
OO4
1ex
O2 ckj ⋅⋅= (3.51)
Here cO is the concentration of oxygen anions in the oxide at equilibrium and k0 
is the surface exchange coefficient.
Higher permeation rates can then be achieved by reducing the thickness. In 
the latter case beneficial effects can only be expected from surface enlargement 
and modification.
A characteristic thickness Lc indicating the membrane thickness at which the 
oxygen flux is equally limited by bulk diffusion and surface exchange kinetics 
has been derived on theoretical grounds 16, provided that the electronic 
transference number is close to unity:
e-
O2-
Interfacial zone Interfacial zoneBulk
p‘(O
2
) p“(O
2
)
½ O
2
 + 2e- àO2- O2- - 2e- à ½ O2
''
22
'
22 O
bulk
OO
total
O µµµµ ∆+∆+∆=∆
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0
0
c
k
D
L
∗
=  (3.52)
Here 
∗
0D  is the tracer diffusion coefficient (cm
2 s-1) and k0 the surface exchange 
coefficient (cm s-1).
If L<Lc, the oxygen flux is limited predominantly by the surface exchange 
kinetics. It should be noted that the characteristic thickness is not an intrinsic 
material property, but depends on oxygen partial pressure and temperature.
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4. Defect chemistry  
Crystalline solids have a very regular atomic structure: that is, the local 
positions of atoms with respect to each other are repeated at the atomic scale.
However,  most  crystalline  materials  are  not  perfect:  the  regular  pattern  of 
atomic arrangement is interrupted by crystal defects.
The defects can and do have an enormous impact on the properties of real 
materials for instance 
• electrical: (electrical conductivity σ: e.g. semiconductors: donor and acceptor 
impurity atom defects used to control σ)
• mechanical
• optical properties
Defects  take  many  forms.  One  way  of  classifying  them  is  via  their 
dimensionality.
1. Point defects
• Vacancies are sites which are usually occupied by an atom but
Which are unoccupied. If a neighboring atom moves to occupy the vacant site, 
the  vacancy  moves  in  the  opposite  direction  to  the  site  which  used  to  be 
occupied by the moving atom.
• interstitiasl atom are atoms which occupy a site in the crystal
structure at which there is usually not an atom. They are generally high energy 
configurations. Small atoms in some crystals can occupy interstices without high 
energy, such as hydrogen in palladium.
• Schottky defect
• Frenkel defect
• colour centres
2. Line defects
• Dislocations are linear defects around which some of the atoms of the 
crystal lattice are misalligned. There are two basic types of dislocations, the 
edge dislocation and the screw dislocation and "mixed" dislocations combining 
aspects of both types are also common.
3. Plane defects
• surfaces
• stacking fault
• grain & twin boundaries
4. Volume defects precipitates
• voids small regions where there are no atoms These are often
called precipitates.
• bubbles
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Point defects help diffusion, via interstitial sites in some systems or vacancies.
a) Vacancy mechanism
b) Interstitial mechanism
Fig. 4.1. Schematic representation of vacancy (a) and interstitial (b) mechanism.
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Among the variety of defects known in solid only point defects exist in 
thermodynamic equilibrium, and only the concentrations and the mobilities of 
these defects are defined by thermodynamic parameters such as temperature 
and pressure.
A system of notation to describe the point defects and the constituent 
atoms of the compounds and their charges was prpoposed inn 1956 Kröger and 
Vink 17,18.
In the Kröger-Vink notation
charge
place
Species
For instance, the subscript “place” if is i represents an interstitial site and V a 
vacancy.
The effective defect  charge is written as a superscript,  relative to the ideal 
lattice: a dot (°) represents a positive and a prime (') a negative charge.
The point defects are considered as dilute species and the solid as the 
solvent. Several analogies can be found between intrinsic defect formation and 
self-dissociation of water:
• A pair of charge defects is formed, which are responsible for electrical
conduction;
• A mass action law constant using defect activities (or concentration for
 dilute species) describes the defect equilibrium;
• Defect concentrations are normally thermally activated.
There  are  essentially  three  ways  of  establishment  of  equilibrium  of 
defects in ionic crystals.
• Intrinsic defect; i.e. the defect present in the bulk of a crystal is in
 thermodynamic equilibrium. This includes the Frenkel and Schottky defects.
• Defect doping; i.e. the intentional manipulation of defect types and
 concentration by incorporation of specific impurities into the bulk of the crystal.
• Defect  reactions  at  interface,  e.g.  the  incorporation  of  the  neutral 
species
from the “outside” into the crystal via defect or the opposite, the loss of crystal 
atoms to the ambience generating defects in crystal.
The defect concentration in solid electrolyte as a function of the chemical 
potential  of  the  neutral  species  in  the  ambience  of  solid  electrolyte  is 
represented with the so called Brouwer diagram.
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Electronic defects can be formed by thermal excitation of electrons from the 
valence band to the conduction band.
Equilibrium between free  electrons  (e’)  in  the  conduction  band and electron 
holes (h°) in the valence band can be expressed by




⋅
−
⋅=⋅
Tk
E
expNNnn gvcep  (4.1)
The expression for thermal equilibrium of electrons and holes leads to the 
equation where n and p denote the concentrations of  electrons and electron 
holes,  respectively,  Eg  is  the  energy  difference  between  valence  and  the 
conduction band (bandgap energy) Nv  is the effective density of valence band 
energy levels and Nc is the effective density of conduction band levels.
Concentrations of ionic and electronic defects are important because electrical 
charge is transported by movement of these defects.
The  electrical  conductivity  (σ)  of  a  solid  is  related  to  its  defect 
concentration by the ionic, electron and hole concentration, the charge and the 
mobility (i.e., the mean particle velocity per unit potential gradient).
The mobility of an electronic carrier is usually significantly larger than 
that  of  an  ion.  This  means  that  ionic  motion  will  only  predominate  if  the 
concentration of electron holes is considerably smaller than the concentration of 
ionic defects.
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5. Mixed ionic and electronic conductor ceramic materials  
The  membrane  materials  should  satisfy  to  numerous  requirements, 
including  high  oxygen  semi-permeability,  chemical  and  structural  integrity 
within a wide range of temperatures and oxygen partial pressures, and suitable 
thermomechanical properties.
The possible candidates are metal oxide ion conductors ZrO2 
19, CeO2,  
20 
perovskite and related to the perovskite structures.
The type of the conductivity of the oxide is also found to play a certain role 
on its  catalytic  properties.  For example,  p-type or ion-conducting oxides in 
general  are  more  selective  for  methane  coupling  reactions  while  n-type 
conductors are more selective for CO2 generating reactions.
5.1. Perovskite-based compounds  
Mixed oxides with perovskite and perovskite-like structures are preferred 
objects  of  investigation  in  the  search  for  materials  with  high  oxygen  ionic 
transfer.
Teraoka et al.  21,22,23 were the first to demonstrate that the oxygen permeation 
fluxes through the LaCoO3-based perovskite- type membranes were 2-4 orders 
of  magnitude  higher  than  those  of  the  stabilized  zirconia  at  the  same 
temperatures.
The perovskite structure has the general formula ABO3 in which A is a 
large cation (e.g. alkali, alkaline earth, rare earth ions) and B a small or medium 
sized metal ion often a transition metal ion.
In this structure the large A atoms and the oxygen atoms together form a 
close-packed lattice, such that each A-atom is coordinated to twelve oxygen 
atoms.
The B-atoms occupy octahedral sites surrounded by six oxygen ions. The 
average valence of the A and B ions is +3.
The perovskite structure is remarkable in being very tolerant to variations 
(as long as A is large and B is small).
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5.2. Doped and Undoped La  2NiO4 compounds
Compared  to  the  perovskites  the  main  characteristic  is  their  positive 
oxygen nonstoichiometry due to the interstitial oxygen atoms.
The  series  of  La2-xSrxNiO4 nickelates  with  their  interstitial  sites  for 
oxygen ions in a perovskite-like structure of the K2NiF4 -type 
24 promise high 
ionic mobility, too. Information on oxygen mobility in these compounds is not 
available.
Lanthanum Nickel Oxide, La2NiO4,  HTT (high temperature tetragonal)  
25 
phase (a:3.8617, c:12.683) with symmetry I4/mmm (139) 26 is made of a stacking 
sequence of La2O2 bilayers , intrinsic positively charged, and NiO2 monolayers, 
intrinsic negatively charged.
Substitution of Sr2+ for La3+ appears to be random and introduces holes, it 
does not affect the lattice but can have an impact on their properties that make 
them to be regarded as functional ceramics.
Ion Coordination type Radius / pm
La(III) 6
octahedral
117.2
La(III) 8 130.0
Sr(II) 6
octahedral
132
Sr(II) 8 140
Table 5.1. Ion Coordination type for La and Sr 1
The  symmetry  is  passing  from  orthorhombic  to  tetragonal  at  room 
temperature for stoichiometric La2NiO4 and this behaviour is not affected by Sr 
doping.25,27
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Fig.5.2. Schematic representation of unit cell of La2NiO4
Each Ni site is coordinated by 6 oxygens resulting NiO6 octahedra.
The NiO6 octahedra is not aligned to the c axis and the displacement allows the 
tetrahedral  site  to  relax  to  maximize  the  distance  between  the  apical  and 
interstitial oxygen atoms.
High  content  of  doped and high values  for  oxygen nonstoichiometry  can  be 
reached.
It was shown 28 that is quite difficult to obtain stoichiometric compounds 
because  can  very  easily  uptake  oxygen  already  at  room temperature  which 
require the handling under inert gas atmosphere.
The reaction may be written:
La2NiO4+δO
2-⇄La2NiO4+δ+2δe- (5.1)
The mechanism of this reaction is unknown so far.
25
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Fig.5.3. Predicted oxygen migration path, in the ab plane (green) and c direction 
(orange)
The ability of La2NiO4 and series La2-xSrxNiO4 solid solutions to oxidation, 
accommodating excess oxygen into La2NiO4+δ, was largely described 
29,30,31 and 
promise high oxygen ionic mobility with a possible high mobility in interstitial 
lattice sites.
The nature of oxygen intestitial species, still controversial, may be  -2O , 
-O , 
-2
2O  ,
−
2O  or 
-5
3O .
32
Different  sites  for  how  the  excess  oxygen  is  accommodated  were 
reported.
This intrinsic defect involving oxygen vacancies in equatorial sites (8e) is the 
most favorable one according to atomistic calculations.33
In La2NiO4, an electric field gradient is present between La2O2
2+ and NiO2
2- 
layers.
interstitial mechanism in 
a-b plan
vacancy 
mechanism 
in c direction
Oxygen 
interstitial
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The Coulomb potential may prevent the (large) interstitial O2- ions from leaving 
the  La2O2
2+ layer,  leading  to  an  expected  large  anisotropy  for  diffusion 
coefficient.34
Magnetic and electrical properties of these compounds were studied in a 
wide temperature range by several authors. La2NiO4 is antiferromagnetic. 
35
The ab-initio calculations of La2NiO4 structure performed describe the magnetic 
moments of O and La atoms are equal to zero.
Doping with Sr holes are introduced in NiO6 plane which destroy the long 
range antiferromagnetic ordering and also decrease the resistivity. The system 
remain nonmetallic and and strongly localized up to x=0.9. 36
The  electrical  resistivity  measurement  showed  that  for  La2-xSrxNiO4 
(0≤x≤1) polycrystalline sample are semiconductors at room temperature.
At low temperature the oxides are p-type and above the moderate temperatures 
are n-type.37
It was demonstrated that the type of electrical conductivity of La2-xSrxNiO4 
(0<x<1.4) solid solutions in air changes with temperature. 38 The temperature of 
transition from a semiconductor-type to a metallic one decreases from about 
2253°C at x=0 to  400°C at x=1.2.
The conductive La2-xSrxNiO4 
39 are not superconductors for samples cooled 
down to 30 K. It was found that the magnetic susceptibility is paramagnetic and 
featureless, and similar in magnitude to what is observed in the superconducting 
isostructural La2CuO4.
In the temperature region 300 to 1050°C at oxygen partial pressures 1 to 
300 Pa the electrical conductivity of La2-xSrxNiO4 solid solutions with  x=0, 0.2 
and 0.5 near equilibrium conditions was found to be p-type 40.
At temperatures 600 to 1000°C and a gradient of oxygen partial pressure 21 000 
to 200 Pa in the series of La2-xSrxNiO4 with  x=0 to 0.5 the gas-tight La2NiO4 
ceramics (x=0) have the highest oxygen permeability and the widest range of 
oxygen nonstoichiometry. 41
Optical  spectra  of  La2-xSrxNiO4 from the  infrared  to  ultraviolet  energy 
range of x=0 ÷0.5 shows that x=0 is a charge transfer insulator with a charge 
transfer energy gap of about 4 eV and for doped compound introduction of holes 
in NiO6 plane induce broad absorbtion in the infrared region below the charge 
transfer bands centered at 0.6 and 1.5eV. 42
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6. Sample preparation-Theoretical considerations  
Of interest to application of oxygen permeable membranes is to obtain a high 
density functional ceramics.
This section briefly describes briefly ceramic processing/ the procedure from 
powder preparation via sintering of powders to pellets used in the experiment.
6.1. Powder preparation-Sol-gel route  
The powder was synthesized by sol-gel method.
A sol is a stable suspension of colloidal solid particles, with a size ranging 
between 2nm-0.2µm, which corresponds to 103 to109 atoms per particle within a 
liquid. 43
It is necessary that the size of particles is smaller than their dispersive forces. 
In this way gravitational forces are negligible and interactions are dominated by 
Van der Waals, coulombic and steric forces.
A  gel  is  a  porous  3-dimensionally  interconnected  solid  network  that 
expands  in  a  stable  fashion  in  liquid.  43 Gels  consist  of  a  continuous  solid 
skeleton enclosing a continuous liquid in thermodynamic equilibrium with the 
solid network.
Gelation  occurs  at  a  stage  called  the  Gel  Point,  when  the  product 
transforms instantly from a viscous liquid to a solid material.43
The sol-gel process has the advantage that products of high purity can be 
prepared and the kinetics of chemical reaction, the nucleation and growth of the 
particles can be controlled according with the desired shape, size distribution 
accompanied the disadvantages of long processing time and volatiles production.
6.2. Milling  
The powder preparation for pressing includes wet milling to reduce the 
size  of  the  particles.  This  is  a  physical  process  that  includes  impact,  shear 
between two surfaces and crushing between two hard surfaces. 44
6.3. Pressing  
Uniaxial and unidirectional pressing of the powder was used to make the 
pellets shape samples. In this way is in significant gradient of pressure along the 
pressing axis, and across the pressed shape diameter. 45
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Fig.6.1. Cylindrical Die Assembly.
6.4. Firing and Sintering  
Sintering refers to processes involved in the heat treatment of powder 
compacts at elevated temperatures, near the melting point of a ceramic to get a 
ceramic solid with a higher strength and a higher density. Usually is used as a 
sintering temperature 2/3 of the melting point in Kelvin of the material.
Two competitive processes are involved in the sintering process densification 
and coarsening (non densification process). Ideally,  at the end all  porosity is 
eliminated but not all the ceramic can be sintered at full density.
Fig.6.2. The densification and coarsening processes during of sintering
Force
L
densification
L
o
coarsering
L
o
29
Sample
Bottom steel
Top steel
Miela-Anca Dragan
Defect Chemistry, Transport Properties and Thermodynamic Stability
of Acceptor Doped and Undoped Layered La2NiO4
Sintering of powder begins with the welding of the grain at the contact 
sites.  The essence of sintering is the spontaneous filling of the free spaces 
inside the grains and between them by substance. The initial spaces between 
compacted grains of ceramics are called “voids”, to differentiate them from the 
isolated spaces (pores) which occur in the final stages of sintering. 46
It  is  possible  to sinter pressed powder which posses a relatively high 
initial surface of contact and low porosity, and also can be sintered unpressed 
powder in which the average distance between the grains is in the same order of 
magnitude as the grain size.
The progression of sintering can be described as following:
- initial stage: the spheres have only one point of tangency and small necks are 
formed between adjacent particles 
- intermediate stage: intersection of grain boundaries. The two-sphere complex 
has shrunk and a neck has formed between the spheres.
The equation for the neck growth is expressed in the general form
t
R
H
R
X
n
m
⋅=


 (6.1)
where X is the radius of the neck formed between the particles, R is the radius 
of  the  neck  surface,  m  and  n  are  constants  that  depend on  the  mechanism 
involved, H is a coefficient characteristic of the mechanism, and t is the time.47.
Solid-state  sintering  is  a  thermally  activated  process  of  the  matter 
transport driven by high surface energies of the aggregates of fine particles. 
Diffusion matter redistribution decreases the area of internal surfaces in powder 
compacts and as a rule leads to their consolidation. Therefore increasing the 
temperature the densification is improved because this favors lattice and grain 
boundary diffusion mechanism.
Thermodynamically, sintering is an irreversible process in which a free 
energy decrease is brought about by a decrease in surface area because the 
necks forming between particles substitute grain boundary area for surface area, 
always with a net reduction in total energy.
sgbvT ΔGΔGΔGΔG ++=  (6.2)
∆GT=total change of free energy of the system during sintering
∆Gv=change in free energy associated with the volume
∆Ggb= change in free energy associated with the grain boundaries
∆Gs= change in free energy associated with the size of the grains
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- final stage: closed pores intersect grain boundaries; pores shrink to a limiting 
size or disappear.
The driving forces that cause materials to be transported are the chemical 
potential gradient arising from the differences in curvature of the surface.
The chemical potential, μ, of an atom beneath a curved surface is altered by the 
surface curvature. For a curved surface with principal radii of curvature r1 and 
r2, the potential difference is given by




−⋅⋅=−=
21
0
r
1
r
1
ΩγμμΔμ  (6.3)
where Ω is the atomic volume and γ is the surface energy of powder particle. 
The radius is positive when the surface is convex and negative if the surface is 
concave.
The sintering progress can be represented by plotting the total  free surface 
area, vs the total surface area of the grain boundaries.
6.5. Sample Finishing  
After sintering to give final surface the ceramic is grounded and polished.
6.5.1. Grinding  
Grinding of a simple plan surface process is as much a cutting action used 
to  improve  surface  finish  by  removing  a  small  amount  of  material  using 
abrasives which are bonded to form a rotating wheel. 44
The  abrasive  material  (ex  silicon  carbide,  extremely  hard),  typically  on  the 
surface of a wheel, act as tiny cutting tools, each particle cut a tiny chip from 
the ceramic part and removes tiny pieces of material. The abrasive action of 
grinding generates excessive heat so that flooding of cutting area with liquid is 
necessary.
6.5.2. Polishing  
Polishing is a high finishing process in which small amounts of ceramic are 
removed to produce a smooth or glossy surface by application of cushion wheels 
impregnated or coated with abrasives. Polishing may be used for reduction or 
smoothing  of  the  surface  to  a  common  level  for  high  finishing  where  the 
accuracy is not important.
Grinding uses an abrasive encrusted tool (grinding wheel) and polishing uses a 
free abrasive acting between a moving surface and the fixed ceramic surface.
The wheels formed of layers of cloth felt or leather glued or sewed together to 
form a flexible soft wheel to provide various wheel grades from soft to hard.
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7. Sample characterization-Theoretical considerations  
After the preparation the ceramic powders and the pellet-shape samples 
were  characterized  with  respect  of  physical  properties  by  hardness,  for 
microstructure by firing shrinkage and apparent porosity, for phase analysis by 
diffraction  (XRD);  for  morphology  and  phase  analysis  by  microscopy  (SEM-
EDX).
This chapter deal with a description of above mentioned, with the basic principle 
of diffraction, scanning electron microscopy and EDX.
7.1. Hardness  
Hardness is one of the most frequently measured physical properties of a 
ceramic  because  it  helps  to  characterize  resistance  to  deformation, 
densification, and fracture.
For ceramic materials is the resistance of a substance to being scratched by 
another substance. 
It  was  evaluated  using  Mohs'  scale  of  mineral  hardness  where  the  mineral 
absolute hardness is:
1 Talc (Mg3Si4O10(OH)2)
2 Gypsum (CaSO4·2H2O)
3 Calcite (CaCO3)
4 Fluorite (CaF2)
5 Apatite (Ca5(PO4)3(OH-,Cl-,F-))
6 Orthoclase Feldspar (KAlSi3O8)
7 Quartz (SiO2)
8 Topaz (Al2SiO4(OH-,F-)2)
9 Corundum (Al2O3)
10 Diamond (C)
The  numbers  1-10  are  indicating  their  hardness  that  is  considered  to  be 
absolute.
7.2. Firing Shrinkage  
Firing shrinkage is the reduction in  the size of  the specimen by firing 
because sinter.
Fig.7.1.  Isotropic  dimensional  changes  before  sintering  from  D0 to  D  after 
sintering, D0>D. Only one dimension is enough to be measured.
D
0
D
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7.3. X-ray analysis   
Powder  XRD  (X-ray  Diffraction) 48,49,50 is  perhaps  the  most  widely 
technique used for characterizing materials for phase analysis.
The ideal powder sample consists of a large number of very tiny crystals of size 
10-3 cm or smaller with random orientation.
7.3.1. Generation of X-rays  
X-rays are electromagnetic radiations of wavelength~10-10m, between γ-
rays and ultraviolet, about the same distance between the atoms in a crystalline 
matter and are generated when a beam of accelerated electrons collide with 
matter. 51,52
A  beam  of  electrons,  provided  by  a  heated  tungsten  filament,  is 
accelerated by sufficiently  high voltage,  >10kV,  is  allowed to strike a metal 
target.
For Co as anode the electron transition has a wavelength of 1.7889Å for  Kα1, 
1.7927Å for Kα2, and 1.6620Å for Kβ1.
Fig.7.1.  Classical  model  showing  the  production  of  bremsstrahlung, 
characteristic X-rays. 
Inelastically scattered 
electron
Nucleus
Incident electrons
Elastically scattered 
electron
M
L
K
X-ray
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The  energetic  X-rays  can  penetrate  deep  into  the  sample  and  some 
electrons  are  knocked  out  of  their  shells  in  a  process  called  inner-shell 
ionization. Outer-shell electrons fall in to fill a vacancy in a process of self-
neutralization. When outer-shell  electrons drop into inner shells, they emit a 
photon "characteristic" of the element.
This is a quantum process, the decrease in energy, ΔE of the electron 
appearing  as  an  X-ray photon and it  wavelength  is  related  by the  equation 
E=h·c/λ, where h is Planck's constant, 6.626·10-34 Js, and c the speed of light 
(speed of light in vacuum=299,792.458 km/s~300000 km/s = 300,000,000 m/s).
The  energy  required  to  produce  inner-shell  ionization  is  termed  the 
excitation potential or critical ionization potential (Ec).
K-shell  ionizations  are  commonly  filled  by  electrons  from  the  L  shell  (Kα 
radiation)  or  M  shell  (Kβ radiation).  There  are  two  Kα peaks  (Kα1 and  Kα2) 
corresponding to the two spin states of the infalling electron.
Electrons  are  scattered  elastically  and  inelastically  by  the  positively 
charged  nucleus.  The  inelastically  scattered  electron  loses  energy,  which 
appears as bremsstrahlung.
"Bremsstrahlung" means "braking radiation" and describe the radiation which is 
emitted when electrons are decelerated or "braked" when they are fired at a 
metal target. Accelerated charges give off electromagnetic radiation, and when 
the energy of the bombarding electrons is high enough, that radiation is in the 
x-ray  region  of  the  electromagnetic  spectrum.  It  is  characterized  by  a 
continuous  distribution  of  radiation  which  becomes  more  intense  and  shifts 
toward  higher  frequencies  when  the  energy  of  the  bombarding  electrons  is 
increased.
Characteristic  x-rays  are  emitted  from  heavy  elements  when  their 
electrons make transitions between the lower atomic energy levels.
Elastically  scattered  electrons  (which  include  backscattered  electrons)  are 
generally  scattered  through  larger  angles  than  are  inelastically  scattered 
electrons.
The chamber, the X-ray tube, is free of air to prevent collisions with particles 
from air of incident beam or X-rays, and the X-rays leave the tube through a 
beryllium window.
During the operation conditions the anode is requiring continuous cooling, 
because only a small part of the energy of the incident beam is converted into 
X-rays and most of the energy is converted into heat and the anode would melt.
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7.3.2. Bragg’s law:  
A real 3-dimensional crystal contains many sets of layers/planes.
Bragg’s law is actually for reflection and by using an analogy it was given a 
geometrical interpretation of diffraction by a crystal gratin.
The  phenomenon  of  diffraction  is  not  same  as  reflection  but  still  Bragg’s 
equation can be use.
Fig.7.2. Schematic description of Bragg’s law.
The Bragg equation relates to the spacing between the crystal planes, dhkl, 
to the particular Bragg angle, θhkl, at which reflections from these planes are 
observed.
When a beam of x-rays strikes a crystal surface in which the layers of atoms or 
ions are regularly separated, the maximum intensity of the reflected ray occurs 
when the complement of the angle of incidence, θ, the wavelength of the x-rays, 
λ,  and  the  distance between layers  of  atoms or  ions,  d,  are related  by the 
equation
( ) λnθsind2 ⋅=⋅⋅  (7.1)
where
n = an integer
λ = wavelength of x-rays [nm] 
θ = angle of incidence of x-rays [radians]
d = lattice spacing [m]
θ
λ
Path difference
Scattered beamIncident beam
d
d
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7.3.3. Calculating diffraction angles  
The angle between the incident x-ray direction and the diffracted beam is 
referred  to  as  the  Bragg angle  2(θ)  and  it  can  be  calculated  by  combining 
Bragg`s law with the equation (7.1) relating d-spacing (interplanar spacing) and 
lattice constants/Miller indices.
The distance between adjacent crystal planes in tetragonal (α=β=γ=90°; a=b≠c) 
system is given by
2
2
2
22
c
l
a
kh
d
1 ′
+
′+′
=  (7.2)
where the integers h, k, and l, Miller index, n = an integer
λ = wavelength of x-rays [nm] 
θ = angle of incidence of x-rays [radians]
d = lattice spacing [m]
Equation (7.2) can be written also in the form



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+
′+′
=
2
2
2
2222
2
c
l
a
kh
4
λn
θsin  (7.3)
X-rays are a form of ionizing radiation and as such can be dangerous.
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7.4. Scanning electron microscopy (SEM)  
The scanning electron microscope (SEM) is a type of electron microscope 
capable  of  producing  high  resolution  images,  patterned  after  reflecting  light 
microscopes, when are examined bulk specimens 
7.4.1. Component parts  
The functional parts of the microscopes can be classified into: electron-
optical column, vacuum system, display system.
Fig.7.3. Schematic representation of electronic microscope.
The electron-optical column can be described as following (refer to the diagram 
below):
1. The electron gun at the top represents, that produce a beam of
monochromatic electrons and has an energy ranging from a few keV to 50 keV.
2. Anode disc
3. The first condenser lens that control the diameter of the beam, or the
amount of electrons traveling down the column.
4. A pair of coils around the beam that by passing through a direct current an 
electromagnetic field is produced, and because the charge of the electron beam 
can be deflected.
Sample
Scan coils
Electron Gun Filament
Wehnelt Cap 
(negative potential)
Electron beam
Anode Plate 
(positive potential)
Space Charge
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5. The objective that focuses the scanning beam onto the part of the
specimen.
The  vacuum  system  is  connected  to  the  column  to  prevent  the  electrons 
collision with gas molecules.
7.4.2. Electron Source (Electron gun)  
In a typical SEM configuration, the Electron Gun can be described using 
the picture Fig.7.3.
The  filament,  usually  made  from  tungsten,  is  heated  until  a  cloud  of 
electrons is produced~2700K and is enclosed in a metal cylinder called Wehnelt 
Cap or cathode where a negative electrical potential (~500 V) is applied. 
A  collection  of  electrons  occurs  in  the  space  between  the  filament  tip  and 
Wehnelt Cap called a space charge. The anode has a positive electrical potential.
7.4.3. SEM signals/Specimen-electron interaction  
When an electron beam hits the matter are possible inelastic scattering 
effects simultaneously, elastic interactions.
Fig.7.4. Illustration of the interaction of an electron beam with a specimen.
Incident Beam
Secondary Electrons 10nm
Backscatered Electrons<1-2um
Range of K X-rays
Range of L X-rays
Range of Electron Penetration
Auger Electrons
Cathodoluminescence
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Inelastic scattering 
• Secondary electrons are caused when one electron from the incident beam
collides  a  sample  atom electron,  will  impart  some  of  its  energy  to  a  lower 
energy electron and will knock it out of its shell (usually in the K-shell). The 
excited electron moves towards the surface of the sample undergoing elastic 
and inelastic collisions until it reaches the surface, where it can escape if it still 
has sufficient  energy.  This  electron then leaves the atom with a very small 
kinetic energy (50eV) and is then termed a "secondary electron". Each incident 
electron can produce several secondary electrons. 
Due to their low energy, 50eV, only secondaries that are very near the surface 
can be collected to form an SEM image.
• X-rays, which are also produced by the interaction of electrons with the 
specimen and may also be detected in a SEM equipped for Energy Dispersive X-
ray Spectroscopy. See Energy Dispersive X-ray Spectroscopy (EDX) Chapter 
7.5.
• Auger Electrons have use in Auger Electron Spectrometers and provide 
compositional information.
• Cathodoluminescence is the emission of visible light from a sample during
the electron bombardment and may be observed using the light optics of the 
microprobe.
Elastically scattered electrons
• Back-scattered electrons caused when the incident beam collides with a
nucleus of a specimen atom leads to the deflection (0°-180°) of its path because 
an electron penetrating into the electron cloud of an atom is attracted by the 
positive potential of the nucleus (Coulombic interaction), and its path is changed 
as a result. 
The closer the electron comes to the nucleus, the higher is the force and 
consequently the scattering angle.
The  interaction  of  electrons  with  heavy  atoms/high  atomic  number  is 
stronger than with light atoms so that areas in which heavy atoms are localized 
appear with smaller contrast than such with light atoms (mass contrast). The 
images with back-scattered electron contain compositional information because 
of Z.
7.4.4. Detectors  
The  formation  of  images  using  the  secondary  electron  signal,  more 
dependent on the sample topography at the point of intersection of the primary 
beam with the sample is possible using the Everhart-Thornley detector which is 
actually  a  combined  signal  detector,  rather  than  a  pure  secondary  electron 
detector.
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The  backscattered  electrons  are  usually  measured  with  a  solid  state 
detector that consists of a diode with a thin gold conductor across the front 
surface. Backscattered (but not secondary) electrons have sufficient energy to 
pass through the front surface and produce electron hole pairs which produce a 
current in the diode.
7.4.5. Specimen preparation  
Sputter Coat
Since the SEM uses electrons to produce an image it is necessary that the 
samples be electrically conductive.
In  case  of  an  electrically  non-conductive  specimen  because  the  beam 
sweeps over the specimen a surplus of electrons can be collected on its surface. 
One way to prevent specimen negatively charging is sputter coating to form a 
very thin uniform conductive layer over the sample.
Sputter coating is the term used for the process in which gas plasma is used to 
dislodge atoms from a metal cathode or target. For coating, various substances 
are being used i.e. Au.
7.5. Energy Dispersive X-ray spectroscopy (EDX)  
SEMs are very often equipped with an energy-dispersive x-ray (EDX) 
analysis system for the non-destructive quantitative elemental analysis.
7.5.1. X-ray signal in SEM  
Since the X-rays are formed by the electron beam interaction with the 
sample  surface  as  shown  above,  this  allows  the  SEM to  perform elemental 
analysis. 
X-ray formation was described in Chapter 7.3.
By collecting and analyzing the energy of these X-rays, the constituent 
elements of the specimen can be determined.
The X-ray energy corresponds to a certain difference in inner-shell energies.
EDX has the disadvantage that the elements of low atomic number (Z<4) are 
difficult to detect.
7.5.2. EDX detector  
The detector is a semiconductor, usually silicon doped with lithium (Si(Li) 
detector) by so called drifting, when a controlled diffusion of minute quantities 
of lithium go onto surface of a single crystal of p-type silicon.
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When  an  X-ray  photon  strikes  the  detector,  it  will  generate  a 
photoelectron within the body of the Si. As this photoelectron travels through 
the Si, it generates electron-hole pairs. The electrons and holes are attracted to 
opposite ends of the detector with the aid of a strong electric field. The size of 
the current pulse thus generated depends on the number of electron-hole pairs 
created, which in turn depends on the energy of the incoming X-ray. Thus, an 
X-ray spectrum can be acquired giving information on the elemental composition 
of the material under examination.
This detector must be operated at liquid nitrogen temperatures (~-190°C) to 
reduce the electronic noise.
7.5.3. Exposure time for X-ray image  
If  the exposure time is not long enough, X-ray images may lack some 
information on element distribution. It is therefore necessary to carefully decide 
on the exposure time.
How to decide exposure time 53]
 (CPS) rate count ray-X
interestof  )(cm area The )(C/cm 2500time Exposure
2
2
⋅=
7.5.4. Specimen preparation  
Grinding and Polishing
These steps are often necessary to bring minimize topographic contrast on 
a sample and to allow the contrast due to the difference in phases to dominate. It 
is especially necessary if the microstructures to be observed are much smaller 
than the texture of the rough surface.
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8. Mass Spectrometry  
In  this  work  mass  spectrometer  (magnetic  sectors,  quadrupole  mass 
analyzer  have been used in  conjunction with electron ionization source)  was 
used as analytical instrument to quantify known compounds.
In  this  chapter  a  brief  explanation  of  how  a  mass  spectrometer  works,  a 
description of its various component parts, and a discussion of mass spectra and 
the  kind  of  information  they  contain  and  in  later  sections  about  ionization 
techniques. 
8.1. The basic principles of mass spectrometry  
Mass spectrometer  54,55,56is an instrument in which beams of ions formed 
from the molecules that have been converted into ions (mass spectrometry is 
based on the isotopic masses not the atomic weights, of elements) are separated 
(analyzed) according to the quotient mass/charge, m/z,  the ratio of the mass 
number of given particle to the number z of electrostatic charge units, e (1.6*10-
19 coulomb), carried by the particle (m/z is a adimensional parameter), in which 
the ions are measured electric.
Mass  spectrometry  is  based  on  the  isotopic  masses  not  the  atomic 
weights, of elements.
Fig.8.1.1. The components of a Mass Spectrometer
Source Analyzer Ion Detector
Data SystemInlet
Gas Phase Ions Ion Sorting Ion Detection
Vacuum Pumps
Sample 
Introduction
Data Output
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The different  functional  units  of  a  mass  spectrometer  consist  of  three 
distinct  regions  57,58 represented  conceptually  in  the  following  block  diagram 
(Figure 1).
1) Ionizer
2) Ion Analyzer
3) Detector
The sequence is:
• Gases are introduced through inlets with controlled flow.
The  sample  must  have  a  pressure  greater  than  1.33·10-5bar,  to  be  able  to 
migrate by diffusion from the inlet system into ionization chamber.59
• Ionisation process
At this stage an ion from a neutral atom or molecule is produce by bombarding 
them with low energy electrons. In the present study is used electron ionization 
(EI).
Usually 70-100 eV electrons are used to produce positive ions.56
The process may, for example, be written:
M+e- M+ +2e. (8.1)
where M is an atom.
The ionization process of the neutral particles starts at a minimum energy 
(the  ”appearance  potential“)  of  the  electrons,  the  number  of  ions  produced 
increases rapidly  with  increasing electron energy,  reaching a  maximum then 
falling slowly again as the energy is increased further.
The ionic current i+k of a gas component k can be calculated according to 
the following formula: kk pslii ⋅⋅⋅=
−+
 [A] [56]
Where
i-= Electron (emission) current [A]
l = Mean free path of the electrons [cm]
s = Differential ionization of k 1/[cm*mbar]
pk = Partial pressure of k [mbar]
Tungsten filaments (tungsten (W), rhenium (Re) and yttrium oxide coated 
iridium are used as coated iridium filament material) was used (is preferred in 
the ultra-high vacuum range, Yttrium oxide coated iridium is used increasingly 
instead of the former pure metal filaments). The advantages of these filaments 
are the considerably lower operating temperature and the relative insensitivity 
to air in-rush.
43
Miela-Anca Dragan
Defect Chemistry, Transport Properties and Thermodynamic Stability
of Acceptor Doped and Undoped Layered La2NiO4
• Acceleration
The ions are accelerated so that they all have the same kinetic energy.
The produced positive ions are rapidly accelerated out of the formation space 
and  then  decelerated  by  the  applied  electric  field  down  to  the  energies 
corresponding to the field axis potential.
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Experiment
8.1. Sample preparation  
8.1.1. Powder synthesis  
Powder of La2NiO4+δ and various La2-xSrxNiO4+δ (x=0.05; 0.1; 0.15 until 1) 
was  synthesised  by  sol-gel  method  60,  using  an  alpha-hydrocarboxylic  acid, 
citric acid (CA) to form polybasic acid chelates with La, Sr, Ni. The chelates 
undergo  polyesterification  when  heated  with  a  polyhydroxy  alchol,  ethylene 
glycol (EG).
Citric acid and ethylene glycol were separated dissolved in deionized water, and 
magnetically stirred at room temperature, for 3 hours in accordance with the 
following reaction 
3  mol  CA  was  added  for  1  molecule  of  obtained  compound  and  ratio 
EG/CA=1.2 was used.
The  corresponding  stoichiometric  amount  of  cations  (La(NO3)3.6H2O; 
Sr(NO3)2; Ni(NO3)2.6H2O was added as an aqueous solution.
In Appendix A commercial chemicals are listed.
The mixed hybrid solution, combine organic and inorganic materials,  is 
magnetically stirred on a hot plate which allow to temperature to be controlled. 
Gradually the temperature was increasing at 573 K and maintained for 5 hours. 
Firstly is formed a dry-green gel, going through a sol-a viscous liquid-a 
solid phase (gel) changes and for the elimination of NOx.
Evaporation of the water absorbed water and structural water (“chemical 
water”) causes the gel (xerogel), to form, which is then heated to remove the 
organics from the pores of the gel network, by decomposition inside the gel, 
leaving the black product (carbon residue gives the colour).
The heating to convert the dried gel to ceramic powder no special care 
need be exercised to prevent the fragmentation but attention must be directed to 
the removal of organics, a strong exothermic reaction in opposite with water 
evaporation which is endothermic.
OH C
CH2
CH2
COOH
COOH
COOH
OH CH2 CH2 OH O CH2 CH2 OHOH C
CH2
CH2
CO
COOH
COOH
OH2
+
-
45
Miela-Anca Dragan
Defect Chemistry, Transport Properties and Thermodynamic Stability
of Acceptor Doped and Undoped Layered La2NiO4
Fig. 8.1. Changes from mixed solutions
(a) through dried gel (b) to ceramic powder (c),
The transformation of gel to a ceramic material includes a thermal pre-
treatment by heating in a furnace the dried gel at 1273 K in air atmosphere for 
24 hours to remove all the remaining residuals, and then the material was fired 
at 1473 K for 24 hours in the furnace in air atmosphere (pre-firing).
The temperature 1473 K and the time were found to be optimal and decreasing 
the time or the temperature the product contains amount of reactant phases.
8.1.2. Disc-shape pellets preparation  
The products were crushed and the resulting powders are milled in  a 
planetary mill, with 2 small balance mills in a planetary array using zirconia balls 
with a liquid (acetone). The media charge in ball mill is about 50 vol% of mill 
that  prevents  the  milling  media  from  excessive  wear  due  to  rolling  on 
themselves.45
The resulting powder is uniaxially pressed into pellets, 20 mm diameter, which 
is the diameter of the die stainless steel.
Several forces were used on the green body and it was selected 100 KN, 
at which density was found to be higher.
In some cases it  was added binder, polyvinyl alcohol, to the powder to form 
bridges between ceramic grains and reduced dustiness, increased bulk density 
and the co-mixing of particles which might otherwise segregate.
The polyvinyl  alcohol  (PVA),  soluble  in  warm water  and OH groups provide 
adhesion  to  ceramic  surfaces.  Also  lubricant  was  used  as  release  agent, 
glycerol, to decrease die wall and interparticles friction.
46
a) b) c)
Miela-Anca Dragan
Defect Chemistry, Transport Properties and Thermodynamic Stability
of Acceptor Doped and Undoped Layered La2NiO4
Fig. 8.2. The uniaxially press (b). The arrow indicates the direction of pressing.
Several forces were used on the green body and it was selected 100 KN, 
at which density was found to be higher.
In some cases it  was added binder, polyvinyl alcohol, to the powder to form 
bridges between ceramic grains and reduced dustiness, increased bulk density 
and the co-mixing of particles which might otherwise segregate.
The polyvinyl  alcohol  (PVA),  soluble  in  warm water  and OH groups provide 
adhesion  to  ceramic  surfaces.  Also  lubricant  was  used  as  release  agent, 
glycerol, to decrease die wall and interparticles friction.
There are a number of the problems when pressing because the pellets often 
were fractured:
• Lamination the cracks run parallel to the press platens close to the center
of the piece by entrapped air.
• Edge relief caused by mechanical shear stresses
• End capping a crack is running in from the top edge of the pressing at an
angle to the corner.
The final temperature of a thermal treatment it was increased from 1523 
K to 1643 K, which was found to be optimal, in a furnace in air atmosphere for 
50  hours  by  heating  and cooling  in  a  furnace  with  a  controller  heating  and 
cooling rate 453K/hour in a crucible-inert, alumina container.
The temperature was selected after the examination related to no open 
porosity.
Increasing the firing time also increased the average grain size of the pellets.
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It  was  observed  blue-green  colour  of  alumina  crucible  due  to  Ni-
transitional metal with partially filled inner 3d orbitals. The electrons in these 
orbitals can be excited by the visible spectrum and these transitions are the 
basis for the production of colour.
Fig. 8.3.  The blue-green colour of alumina crucible in the case of La2NiO4 (a) 
compared with the blue colour of alumina crucible in the case of La1-xSrxCoO3 
(b).
Next  step,  the  pellets  were  polished  on  the  both  side,  with  deionized 
water so in this way was remove contaminate surfaces layers using a polish 
machine.
A mirror-like reflective finishing was obtained so the surface has a minimum 
area for adhesion.
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8.2. Characterisation of samples  
8.2.1. Hardness  
It was evaluated using Mohs' scale of mineral hardness.
8.2.2. X-ray analysis  
The samples were characterized by powder X-ray diffraction using a Stoe 
STADI  P diffractometer  with  incident  beam  from  a  Germanium  (111) 
monochromator with the transmission and Co Kα-radiation at 40 kV, 38-40 mA; 
and the linear position sensitive detector (PSD) moving, fix omega and Fe filter
The diffraction patterns were recorded in the 2(θ) values range 10–90° with a 
step size of 0.01° with a counting time of 1s per step at room temperature.
8.2.3. SEM and EDX  
The pellets were examined by using scanning electron microscope LEO/Zeiss 
1450VP  with  Oxford  INCA  EDX  system and  valuable  information  about 
morphology, surface topology and composition were obtained.
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9. Permeation Experiment  
9.1. Set-up description  
The procedure to study oxygen permeation was based on the analysis of 
the  oxygen  concentration  in  an  inert  carrier  gas  flux  (Argon-5.5-Ar/Air 
Products GmbH-Germany) by gas-phase mass spectrometry.
The reactor is shown in Fig. 9.1.
Fig.9.1. The membrane reactor
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Pellet-shaped  membrane  was  exposed  to  an  oxygen  partial  pressure 
gradient as following: the membrane is placed on top of two concentric alumina 
tubes.
The oxygen partial pressure at the membrane feed side was maintained at 
0.21atm/bar (atmospheric air) while on the lean side was used flow of an inert 
carrier gas flux to sweep the permeate oxygen in order to enlarge the range of 
permeation flux measurement.
The  permeation  reactor  was  heated  up  in  air  from  room  temperature  with 
1°C/min.
A  characteristic  of  the  studied  material  is  its  thermal  expansion 
coefficient. The thermal expansion coefficient represents a serious obstacle to 
combine membrane and construction materials in the heated parts of the reactor.
The thermal expansion coefficient in air and (30-1000°C)·has values of 
11.9 106 K-1 for undoped La2NiO4
 for doped compound was found  to vary (11.9-
13.2) 106 K-1  for the doped La2-xSrxNiO4. 
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The membrane is fixed using a borosilicate glass (commercial name Pyrex 
or Duran, with coefficient of thermal linear expansion of 3.3·10-6 K-1) ring on 
both sides between alumina tube and a paste made from glass powder and a 
commercial glue/binder was sealed around of these to ensure no leakage.
The glass rings were found to react with the sample only locally at the 
points of contact and therefore the effective area of the membranes defined by 
the glass ring was not affected.
Some characteristics for the glass that were in making the choice are:
- coefficient of thermal linear expansion of 3.3·10-6 K-1
- anneal point=560°C
- soften point=821°C
Table 9.1. Chemical (main components in approx. weight %) composition of glass
SIO2 B2O3 NA2O + K2O AL2O3
81 13 4 2
A thermocouple K, Chromel (+)/Alumel (-), its sensitivity is 41mV/°C, 95-
1260°C  was used to monitor the temperature near the sample.
Oxygen permeability was determined in a steady state.
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Using a Mass Spectrometer (Balzers QuadstarTM 422) the oxygen intensity, 
simultaneously the nitrogen intensity and the sweeping gas intensity, in this case 
argon, is recorded.
The oxygen intensity transformation into oxygen pressure was done using 
a  calibration  by  passing  a  known  oxygen  composition  into  the  mass 
spectrometer.
The calibration is describing a linear dependencies of O2 Inensity [A] to oxygen 
partial pressure from gas calibration p”(O2) and  N2 Inensity [A]  to p(N2) from 
gas calibration.
Any  detectable  nitrogen  was  regarded  as  leakage,  and  is  useful  to 
evaluate the leak tightness of glass seals and the corresponding oxygen content 
was subtracted from the measured value.
The  oxygen  partial  pressure  recorded  by  the  mass  spectrometer  is 
calculated using relation
( ) ( )
78.1
20.95Np
Op 2leak2
⋅
=  (9.1)
and to find the oxygen partial pressure due to the permeation process from total 
oxygen partial pressure calculated using the calibration is extracted the oxygen 
partial pressure from leak (9.1) 
( ) ( ) ( )
leak22perm2 OpOpOp −=  (9.2)
The oxygen concentration in the sweeping argon is measured at a given 
flow rate, and ambient air is used as the feeding gas at the other side of the 
membrane.
The material is not exposed to abrupt changes in oxygen partial pressure.
The carrier gas flow rate and the oxygen partial pressure calculated with (9.2) 
is giving the oxygen flux as in the relation
( ) [ ] ( ) ( )
perm2Ar2 Oxmin
mlV
min
mlOj ⋅=
•
 (9.3)
Unfortunately  not  always  can  be  achieved  oxygen  transport  through 
material. One of the reason is illustrated in Fig.9.2.
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In some cases one of the reason to make the oxgen permeation to not 
occur is the development of the cracks during the heating or cooling or during 
the change in oxygen gradient. At the moment is not clear exact reason.
Some of the cracks can be due to the mechanical stress inside the material and 
another due to the glass sealing 
The sample develop cracks , Fig.9.2., during heating or cooling at even 
rate 1°C/min, These cracks propagate and no oxygen transport was detected in 
this case.
Fig.9.2.  SEM  picture  La1.8Sr0.2NiO4 after  a  permeation  experiment  in  cross 
section, in top is the side exposed to the air and the bottom is the side exposed 
to  the  carrier  gas.  The  red  arrow  is  indicating  a  crack  developed  in  the 
membrane.
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10.Thermodynamical stability under large oxygen chemical gradient  
The polycrystalline material to be investigated is both powder and pellet-shape.
All the samples were quenched to room temperature in water.
Reduction of the as prepared samples was carried out at several temperatures 
between 1073K and 1373K, for several hours, under a controlled CO2/CO flow 
providing different oxygen partial pressure.
10.1. Technical details on the reactor  
The experiment was conducted in a tubular horizontal furnace shown in 
Fig. 10.1.
Fig. 10.1. Schematic representation of the reactor
This is equipped with a commercial oxygen sensor, zirconia ceramic 
electrolyte- Ceramic Oxide Fabricators -Victoria (Australia) 62 bonded to an 
alumina tube.
The output is according to the Nernst equation that describes the electromotive 
force developed when there are different concentrations of a reactant on each 
side of an electrolyte.
Furnace
ThermocouplesOxygen Sensor 
Sample
CO + CO
2
Exhaust Gas
CO + ½ O
2
 D CO
2
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10.2. Oxygen sensor  
To be use in furnace the following construction, Fig. 10.2., is needed.
Fig. 10.2.a. Schematic arrangement for the oxygen sensor
Fig. 10.2.b.  Picture showing the sensor arrangement
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From the  electrolyte,  at  the  exterior  along  to  the  tube,  a  Pt-wire  is 
wrapping up to the mounting plate of the sensor. At this side of the electrolyte, 
the  oxygen  partial  pressure  which  can  be  measured  is  the  reference 
atmosphere,  oxygen  partial  pressure  from  ambient  air.  Another  Pt-wire  in 
contact to the electrolyte is formed as a spiral and is inside of the alumina tube. 
The wire is across a four-channel alumina tube as insulator to electrolytes.
To control the temperature in the middle of the tube furnace, were the 
sample is mounted was integrated inside alumina tube, and is thermocouple type 
S, Pt10%/Rh(+)Pt(-).
For the calculation of oxygen concentration is measured mV signal.
The  Nernst  equation  is  calculation  of  Nernst  voltage  from  oxygen 
concentration.
E = (RT/nF)ln(pO2/pO2') (10.1)
where
E= sensor electromotive force, (V)
R = gas constant, 11 molK8.314J −− ⋅⋅
T = temperature, (Kelvin)
n = number of charges per reactant species, hier n=4
F = Faraday constant, 14 molC109.6485 −⋅⋅
p = partial pressure (mole fraction)
If oxygen is to be measured, the equation may be re-arranged, to allow 
calculation of the p(O2).
The equation simplifies when the atmospheric air, as a known reference 
concentration, with pO2 = 0.209 to:
pO2 =0.209 exp(-46.421 E/T) (10.2)
10.3. Calculation of oxygen partial pressure from CO/CO  2 gas mixture flow
The phase equilibria of binary system CO2/CO is shown in Fig.10.3.
The  shadow  area  below  the  dashed  cross  curves  does  not  represent 
condition to have p(O2).
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Fig.10.3. Picture  showing  the  oxygen  pressure,  in  atm,  as  a  function  of 
temperature and CO2/CO at a total pressure of 1 atm. 
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The desired, low oxygen partial pressure in the furnace is adjusted on the 
basis of following equilibrium:
CO + ½ O2 ⇄CO2 (10.3)
CO2/CO-ratio at different temperatures for which oxygen can be obtained 
is given from the Fig.10.3.
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pCO
pCO
Ψ 2=
 
(10.4)
With the help of the mass action law the oxygen partial pressure p’’(O2) 
can be calculated for different temperatures:
1/2
p
)2p´´(Op(CO)
)2p(CO(T)K
⋅
=
 
(10.5)
Rearranging (10.5) the equation for p(O2):
2




⋅
=
(T)pKp(CO)
)2p(CO)p´´(O2
 
(10.6)
p(CO2), p´´(O2), p(CO)  the partial pressure are that gases CO2, O2 and CO in the 
equilibrium Kp(T) the equilibrium constant is at the temperature T.
The redox potential E is described by the Nernst equation.
For the redox system specified in relation (10.3.) is:
( ) 212
2
2
Θ
2
)p´´(OCOa
)a(CO
ln
Fn
TR
)(OE)E(O
⋅
⋅
⋅
+=
 
(10.7)
Eө means the standard potential.
Rearranging the equation (10.7) taking in account what is known (10.4):
)p(CO
p(CO)
ln
Fn
TR
(CO)EE(CO)
2
Θ
⋅
⋅
+=
 
(10.8)
For the EMK the following equation results:
p
Θ
2
Θ
2 lnK
Fn
TR
(CO)E)(OEE(CO))E(OΔE
⋅
⋅
+−=−=
 
(10.9)
and
plnK
Fn
TR
ΔE
⋅
⋅
=
 
(10.10)
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According to the literature data 64 corresponds:
( ) T104.55741.4648ΔEE 4 ⋅⋅−== =+ (10.11)
If equation (10.9) is inserting in (10.10) then it is receives:
( ) ( )( ) ( )TlnK
Fn
TR
COEOE-ΔEE p
0
2
0
⋅
⋅
=−=
+
(10.12)
Then for the equilibrium constant Kp(T) applies equation:
( ) TR
nFE
p eTK
⋅
⋅⋅
+
=
(10.13)
For oxygen:
( )
TR
EF2
Kln
⋅
⋅⋅
= (10.14)
In the case of isotherm and isobar conditions the free reaction enthalpy is:
+
⋅⋅−= EFnGΔR (10.15)
Then inserting (10.15) in to (1014), arise for Kp(T)
( )
TR
GΔ
eTK Rp
⋅
−
= (10.16)
One is known at a given temperature the equilibrium constant Kp(T) can be 
calculated.
At given constant ratio flow for both gases CO2/CO can be determine the 
theoretical oxygen partial pressure by equation (10.6).
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Results
After sintering the experimental density of the samples was about 85–97% of the 
theoretical value.
The fire shrinkage was about 20% from the initial diameter of the pellets, before 
the sintering.
Hardness
It was observed that can scratch Gypsum (2) but not Calcite (3).
11.X-ray  
The powder diffraction patterns have been analyzed were detected no other 
phases the tetragonal La2-xSrxNiO4+δ.
Representative diffraction patterns for different compositions of La2-xSrxNiO4+δ 
are presented in Fig. 11.1.
Fig.  11.1.a.  La2NiO4 as  prepared (green)  compared with  corresponding  index 
(red) from data base [34-314].65
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Fig.  11.1.b. La1.5Sr0.5NiO4 as  prepared  (green)  compared  with  corresponding 
index (red) from data base [32-1241].66
Fig. 11.1.c. La1Sr1NiO4 as prepared (green) compared with corresponding index 
(red) from data base [80-1348] 67
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La2NiO4 La1.5Sr0.5NiO4 La1.0Sr1.0NiO4
System Tetragonal Tetragonal Tetragonal
Space Group I4/mmm (139) I4/mmm (139) I4/mmm (139)
a 3.861 3.817 3.825
c 12.683 12.766 12.400
Table.11.1.La2-xSrxNiO4 was tetragonal over the entire range of x.
In the table 11.1. is shown that the diffraction pattern for the samples with 
various Sr content can be indexed based on a tetragonal cell. 
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Fig. 11.2. Portion of of X-ray diffraction pattern for La2-xSrxNiO4 of x=0; 0.5;0.7.
showing the dependence of Sr content and its moving to the right side,
 to higher 2(θ) 
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In the following I will focus on a few reflections that show representative 
trend by a systematic shift with increasing Sr content.
This is exemplified in Fig.11.2.  with increasing the Sr content on hkl/101the 
reflexion is shifted to the higher 2(θ).
The  cell  volume  decrease  with  with  doping  Sr.  La2-xSrNiO4 exhibits  a 
maximum in the c parameter, a minimum in the a parameter and a maximum in 
the c/a ratio at around x=0.6.68
A transition from tetragonal I4/mmm to orthorhombic Fmmm phase was 
found  in  the  wide  range  of  0.06  ≤δ<0.11,  which  showed  a  significant  time 
dependence. The phase segregation of pseudo-tetragonal phase from tetragonal 
I4/mmm was observed for 0.03≤δ <0.06.69
63
Miela-Anca Dragan
Defect Chemistry, Transport Properties and Thermodynamic Stability
of Acceptor Doped and Undoped Layered La2NiO4
12.SEM and EDX  
SEM
64
Fig.12.1.a. 
SEM picture of 
La
1.9
Sr
0.1
NiO
4
 
unpolished
Fig.12.1.b. 
SEM picture of La2NiO4 
brokenpolished
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Detectable features as the shape, size and arrangement of the particles 
making up the object that are lying on the surface of the sample were carried 
out by SEM.
In case of La1.9Sr0.1NiO4 and La2NiO4 SEM picture on unpolished side show 
that particles are often agglomerates of a smaller one.
It is hard o make a clear distinction between the shapes of the polycrystalline 
microaggregates that seems to be  anhedral. This is due to kinetics of crystal 
growth reaction.
Fig.12.2. SEM of La1.95Sr0.05NiO4-polished in high magnification
The large pore shown in Fig.12.2. (red) expands by opening the grain 
boundaries against a smaller pore.
No evidence for open porosity (green) or connected channels was found but the 
blue arrow marks a possibility for channel.
EDX analysis shows that the desired composition was achieved by preparation.
The EDX results are listed in Appendix B.
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13.Permeation Results  
13.2. Defect Model Qualitative Considerations  
Models  are  mathematical  expressions  derived  from  scientific  or 
engineering principles. The expressions predict how the system is expected to 
function.
13.2.1.Modelling Defect Concentrations  
A point defect model can be applied to describe oxygen transport through 
nonstoichiometric La2-xSrxNiO4+δ.
The  transport of ions within a crystal is in accord with a general set of 
conservation rules that must be satisfied for defect chemistry treatment.
i. Conservation of structure (lattice ratios).
The creation of lattice defects must not violate the inherent ratio of cation sites 
to anion sites in the structure. The cation and anion sites can be created or 
destroyed only in ratios that correspond to the stoichiometry of the compound.
ii. Conservation electronic state.
The  total  number  of  electronic  state  in  a  system derives  directly  from the 
electronic states of the component atoms, and must be conserved.
iii. Conservation of mass.
Atoms  are  neither  created  nor  destroyed  within  a  system,  but  must  be 
conserved.
In the La2-xSrxNiO4, the following point defects can be considered as the most 
probably:
• strontium ions on lanthanum sites with one effective negative charge, 
|
LaSr
• oxygen vacancies with double positive effective charge, 
••
oV
• interstitial oxygen ions with double negative effective charge,  O
||
i
• nickel (Ni3+) ions on regular positions with one effective positive charge, 
•
NiNi
• and Ni+ with notation 
|
NiNi  
The above mentioned defects were written according to Kroger-Vink notations. 
From  the  literature  data  is  no  evidence  of  any  significant  amount  of 
defects in the cation sublattice. Experimentally it was shown that depending on 
the dopant concentration and thermodynamic conditions,  significant structural 
defects  formation  in  the  oxygen  sublattice  and  the  interstitial  sublattice,  as 
oxygen interstitial and oxygen vacancies.
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Assuming  that  there  are  not  other  interactions  between  the  various 
species  except  those  mentioned  here  the  law  of  mass  action  is  used  at 
thermodynamic equilibrium when the concentrations of the species are assumed 
to be equal to the thermodynamic activities of the species. 
It starts writing the equilibrium reactions for the formation of defects and their 
interactions.
At the gas-solid interface at low oxygen partial pressure Ni3+ is reduced 
to Ni+2 and the oxygen vacancy is formed.
•+ Ni
x
o 2NiO ⇄
x
Nio2 2NiV(gas)O2
1 ++ ••  (13.1)
where
x
oO  is an oxygen ion on a regular lattice site
••
oV  is an oxygen ion vacancy
With 
•
NiNi  is designed Ni
3+ and with 
x
NiNi  is designed Ni
2+.
Additional to reaction of oxidized Nickel ions, equation (13.1), it is assume 
that Nickel ions show charge disproportionation of Ni2+ to Ni+ and Ni3+ express 
as following
x
Ni2Ni ⇄
|
NiNi NiNi +
•
 (13.2)
With 
|
NiNi  is designed Ni
+.
Oxygen vacancies formation is described by anti-Frenkel disorder in the 
anion sublattice
x
i
x
o VO + ⇄
••+ o
||
i VO  (13.3)
where
x
iV  is an empty interstitial lattice site
 O||i  is an oxygen ion on an interstitial site
Electroneutrality condition that imply the charge defects are electrically 
neutral is described by
[ ] [ ] [ ] [ ] [ ]|
La
||
i
|
NioNi
SrO2NiV2Ni +⋅+=⋅+
•••
 (13.4)
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For four defects were written four equations, (13.1.), (13.2.), (13.3.) and 
(13.4.) and for the fifth defect, 
|
LaSr  will be shown later (13.9).
The law of mass action for those reactions is may be written as following:
( )
2
Ni
x
o
2
1
2
2x
Ni
1
][Ni][O
Op][Ni]o[VK
•
••
⋅
⋅⋅
=  (13.5)
where K1 is the equilibrium constant for (13.1).
The square brackets express concentrations of species.
[ ] [ ]
[ ] [ ]x
i
x
o
||
io
2
VO
OV
K
⋅
⋅
=
••
 (13.6)
where K2 is the equilibrium constant for a anti-Frenkel defect pair,  equation 
(13.2.).
2x
Ni
|
NiNi
3
][Ni
][Ni][Ni
K
⋅
=
•
 (13.7)
where K3 is the equilibrium constant equation (13.3).
For simplification are used notations:
( ) wOp 212 =  (13.8)
[ ] dSr|
La
=  (13.9)
The molar fraction of the Strontium dopant (13.9) is identically to x from 
La2-xSrxNiO4+δ.
[ ]•NiNi  will be replaced by notation p and ][Ni|Ni  by notation n.
The nickel sublattice is assumed to be free of structural defects and the 
Nickel site balance must fulfill the following condition:
[ ] [ ] [ ] 1NiNiNi |NiNixNi =++ •  (13.10)
[ ] 1npNixNi =++  (13.11)
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[ ] pn1NixNi −−=  (13.12)
The site balance for oxygen interstitial
4][V][O o
x
o =+
••
 (13.13)
The site balance for oxygen vacancy
1][V][O xi
||
i =+  (13.14)
The dilute defect approximation is applied for the vacancy and interstitial 
concentration:
][Oxo ≈4 (13.15)
1][O||i <<  (13.16)
][Vxi ≈2 (13.17)
Next  step  is  to  derive  expressions  for  the  defect  concentrations 
depending on oxygen partial pressure when the concentration of one defect is an 
independent variable and all other are expressed in relation to the independent 
defect concentration.
The equilibrium constants K1, K2 and K3 must be known.
From (13.5) oxygen vacancies are calculated
( ) 2122xNi
2
Ni
x
o1
o
Op][Ni
][Ni][OK
][V
⋅
⋅⋅
=
•
••
 (13.18)
Inserting the notations p, n and w
wp]n[1
p4K
][V
2
2
1
o
⋅−−
⋅⋅
=
••
 (13.19)
Oxygen interstitials are calculated from (13.6)
[ ] [ ] [ ][ ]•• ⋅⋅= o
x
i
x
o2||
i V
VOK
O  (13.20)
and replacing (13.15) and (13.17)
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[ ] [ ]•• ⋅⋅= o2||i V
24K
O  (13.21)
By substitute the oxygen vacancy concentration (13.19) the oxygen interstitial 
concentration become
[ ]
2
1
2
2||
i pK
wp]n[12K
O
⋅
⋅−−⋅⋅
=  (13.22)
The concentration of reduced Nickel, n, is the solution of equation that can 
be obtained by combining (13.7) with (13.12)
p
p]n[1
Kn
2
3
−−
⋅=  (13.23)
and solving for n function of p the solution for n is
( ) ( )
3
2
33
K2
pp1pK4pp1K2
n
⋅
+−⋅⋅⋅++−⋅⋅
=  (13.24)
Now the concentrations of oxygen interstitials and oxygen vacancies are 
expressed  functions  only  of  the  equilibrium  constants  K1,  K2,  K3 and  p, 
independent variable, and the oxygen partial pressure related to w notation.
By inserting the (13.24) in (13.22) oxygen interstitial concentration is
[ ]
( ) ( )
2
1
2
3
2
33
2
||
i pK
wp
K2
pp1pK4pp1K2
1K2
O
⋅
⋅



−
⋅
+−⋅⋅⋅++−⋅⋅
−⋅⋅
=
 (13.25)
Inserting the (13.24) in (13.19)
( ) ( )
wp
K2
pp1pK4pp1K2
1
pK4
][V
2
3
2
33
2
1
o
⋅



−
⋅
+−⋅⋅⋅++−⋅⋅
−
⋅⋅
=
••
 (13.26)
Electroneutrality condition (13.4) can be rewritten as a function of p as well
[ ] [ ] dO2nV2 ||
io
+⋅+=⋅+
••p  (13.27)
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In the equation (13.27) by replacing for oxygen insterstital and oxygen vacancy 
concentration by (13.25) and (13.26)
d
pK
wp]n[12K
2n
wp]n[1
p4K
2
2
1
2
2
2
2
1 +


⋅
⋅−−⋅⋅
⋅+=


⋅−−
⋅⋅
⋅+p  (13.28)
Rewritten (13.28)
0d
pK
wp]n[12K
2n
wp]n[1
p4K
2p
2
1
2
2
2
2
1
=−
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
⋅
⋅−−⋅⋅
⋅−−
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
⋅−−
⋅⋅
⋅+  (13.29)
By multiplication of (13.28) with w and rearranged
( ) 0w
pK
wp]n[12K
2wdnpw
wp]n[1
p4K
2
1
2
2
2
2
1
=


⋅
⋅−−⋅⋅
⋅−⋅−−+


⋅−−
⋅⋅
⋅2  (13.30)
For  simplification  of  further  calculation  B
1
,  B
2
 and  B
3
 will  be  introduced  to 
replace the following expression
( ) 


⋅
⋅−−⋅⋅
⋅−=
2
1
2
2
3
pK
wp]n[12K
2B  (13.31)
( )dnpB2 −−=  (13.32)



⋅−−
⋅⋅
⋅=
wp]n[1
p4K
2B
2
2
1
1  (13.33)
And inserting B1, B2, B3 in (13.30)
0wBwBwB 01223 =⋅+⋅+⋅  (13.34)
solutions for w from the equation (13.34) are
3
13
2
22
B2
BB4BB
w
⋅
⋅⋅−−
=
±
 
(13.35)
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Physically meaningful is the solution
( ) ( )
2
2
2
22
1
p]n[1K8
K128dnpdnppK
w
−−⋅⋅
⋅−−−+−−⋅⋅
=
 
(13.36)
From the interstitial and vacancy concentration the deviation from stoichiometry 
is obtained
[ ] [ ]••−= o||i VOδ  (13.37)
In  the  equation  (13.37)  by replacing  for  oxygen  insterstitials  and  oxygen 
vacancy concentration by (13.25) and (13.26)
wp]n[1
pK4
pK
wp]n[1K2
δ
2
2
1
2
1
2
2
⋅−−
⋅⋅
−
⋅
⋅−−⋅⋅
=
 
(13.38)
Equation (13.24), (13.36) and (13.38) are used to fit experimental data of 
the nonstoichimetry data for La2-xSrxNiO4+δ, where the equilibrium constants K1, 
K2 and K3.are the fit parameters, in the later chapter.
The behaviour of defect concentrations under simplified limiting cases of 
dominating  defects  depending  of  oxygen  partial  pressure  is  schematically 
illustrated using a Brouwer diagram. 
13.2.2.Modelling Oxygen Fluxes  
According to the theoretical calculations on point defects formation and 
migration 70 the oxygen diffusion is anisotropic, with activation energies Ea(ab-
plane)=0.3–0.9eV  and  Ea(c-direction)=2.9–3.5eV,  (Fig.4.2),  depending  on  the 
nature of Oi” or Oi’, diffusing species to be considered.
The activation energy for the diffusion parallel to the [001] axis (Ea~0.25eV), 
that is, four times smaller than the one observed in the (a, b) plane (Ea = 0.88 
eV), while the opposite was a priori expected. The activation energy for the 
diffusion in the (a ,b) plane is according to different literature data (Ea=0.9eV 
71) 
or (Ea=0.85eV 
72) or (Ea=0.6eV 
73)
Transport modelling is analyzed on the basis of bulk parameters.
The  oxygen  permeation  flux,  j,  can  be  calculated  with  the  following 
equation
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( )
( ) ( )2L
2Op ln
02
Op ln
iv Op ln d)σ(σ
L
A
j ⋅∫ ∗+∗−=  (13.39)
where L is the thickness of the membrane 
p(O2)0  is the oxygen partial pressure on the feed side and p(O2)L is the oxygen 
partial pressure on the lean side
2F16
TR
A
⋅
⋅
=  with R is the gas constant, 11 molK8.314J −− ⋅⋅
F is Faraday constant, 14 molC109.6485 −⋅⋅  
T is temperature, (Kelvin)
and ∗vσ  and 
∗
iσ  are the effective conductivities of vacancies and respectively of 
interstitials.
Information on oxygen transport is given in terms of effective conductivity 
because compared to the single crystal for polycrystalline sample the oxygen 
can migrate parallel to the layer in individual grain.
Fig. 13.1. The arrows indicate the pathways which is followed by oxygen for a 
single crystal (a), polycrystalline sample with grain size larger compared to the 
smaller from (c).
One  can  observe  from  the  Fig.  13.1.  the  ∗vσ  and  
∗
iσ ,  the  effective 
conductivities of vacancies and respectively of interstitials, have smaller values 
for  polycrystalline  samples  than  in  the  single  crystal.  This  decrease  is  by 
multiplication with a tortuosity factor, ξ, smaller than 1, and the factor, ξ, itself is 
diminishing proportional with grains size increasing.
The effective conductivity of vacancies is
vv σσ ⋅=
∗ ξ  (13.40)
a)
b) c)
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The effective conductivity of interstitials is
ii σσ ⋅=
∗ ξ  (13.41)
where  and  σv and  σi  the  conductivities  of  vacancies  and  respectively  of 
interstitials in a single crystal.
In  the  case  of  the  permeation  using  a  polycrystalline  material  can  be 
considered the grain boundaries do not affect the oxygen transport by resisting 
or by enhancing.
Also it  can be assume that the grains size is much smaller compared to the 
membrane thickness.
The oxygen conductivity is related to the concentrations of interstitials 
and vacancies 
∗
⋅⋅⋅=
∗
vv0v ucFzσ  (13.42)
∗
⋅⋅⋅=
∗
ii0i ucFzσ  (13.43)
Vmol is the molar volume of the oxide and zo oxygen carrier charge, ci and cv the 
concentration  of  interstitials  and  vacancies,  ∗vu  and  
∗
iu and are  the  effective 
oxygen vacancies and interstitials mobilities 
For the concentration of interstitials and vacancies, ci and cv can be derived 
[ ]
mol
o
v
V
V
c
••
=  (13.44)
[ ]
mol
||
i
i
V
O
c =  (13.45)
In terms of effective mobilities, ∗vu  and 
∗
iu , the conductivities (13.42) and 
(13.43) are written
[ ] ∗••
⋅⋅⋅=
∗
v
mol
o
0v u
V
V
Fzσ  (13.46)
[ ] ∗
⋅⋅⋅=
∗
i
mol
||
i
0i u
V
O
Fzσ  (13.47)
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Inserting (13.46) and (13.47) in to (13.39)
[ ] [ ]
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( ) ( )2L
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


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j  (13.48)
Further calculations are done for the oxygen permeation flux expression
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 (13.49)
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(13.50)
By replacing (13.25) and (13.26) for the concentrations of oxygen interstitials 
and oxygen vacancies in to (13.50)
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inserting the notation (13.8) for ( ) wOp 212 =  the oxygen permeation flux become
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The numerical value for zo is 2.
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13.3. Quantitative Defect Model  
The quantitative defect model corresponds to the La1.5Sr0.5NiO4 at 1073 K, 
1173 K and 1223K.
The permeation experiment was done for a membrane with  thickness of 
1.3 mm and the oxygen partial pressure on feed-side was from ambient air, 0.21 
bar.
13.3.1.Quantitative Modelling Defect Concentrations  
Experimental data on the basis of the coulumetric titrations shows that 
La2-xSrxNiO4 has an oxygen excess. 
74, as shown in the Fig. 13.2.1.1.
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Fig.  13.1.  Oxygen  content  versus  oxygen  partial  pressure  according  to  the 
literature data [74] for 1073 K, 1173 K and 1223 K for La1.5Sr0.5NiO4
In Fig. 13.1. oxygen content versus oxygen partial pressure experimental 
data 74 and fit data for La1.5Sr0.5NiO4 at 1223 K are displayed. 
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This method indicates the initial oxygen stoichiometry of the nickelate with an 
accuracy of ±0.01 of the oxygen atomic index.
The solid line indicates the best fit obtained from the defect model described in 
the previous section.
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Fig. 13.2.  Oxygen content versus oxygen partial pressure experimental data  74 
and fit data for La1.5Sr0.5NiO4 at 1223 K
The quality of the fit is fair, for small number of experimental data points 
in a small range of oxygen partial pressure.
Similarly trend is achieved for other temperatures.
In the region of small oxygen partial pressure where are no experimental data 
the slope is smaller than in the region with experimental data, at higher oxygen 
partial pressure.
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Temperature
[K]
K1
[bar1/2]
K2 K3
1073 1.1·10-7 4.1·10-8 2·10-3
1173 9.0·10-7 2.7·10-7 4·10-4
1223 4.6·10-6 9.2·10-7 2·10-6
Table 13.1.  The equilibrium constants received from fittings for La1.5Sr0.5NiO4 
measured with an accepted deviation of (0.3-3.5)
In  table  13.1.,  the  equilibrium  constants  received  from  fittings  for 
La1.5Sr0.5NiO4 are collected.
The fits results for surface exchange equilibrium constant K1 and Frenkel 
equilibrium  constant  K2,  are  nearly  independent  of  the  choice  for  K3,  the 
electronic equilibrium constant 
For the defect  concentrations are calculated using data from table 13.1.  and 
present in Fig.13.3, for La1.5Sr0.5NiO4 at 1223 K. The trend for 1073 K and 1173 
K is similarly.
Fig.  13.3.  Kröger-Vink  diagram,  defect  concentrations  versus  oxygen partial 
pressure for La1.5Sr0.5NiO4 at 1223 K
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According to the results presented in Fig.13.3, the electron carriers of 
holes type , h, is the dominant species, what is in agreement with literature data 
[74], where is shown that the total conductivity is decreasing with the decrease 
of oxygen partial pressure. Trying to increase the electron concentration the 
quality of the fit is poor.
Increasing the oxygen partial pressure oxygen interstitial concentrations 
dominate  and  it  cross  the  oxygen  vacancy  concentrations  at  oxygen  partial 
pressure  ≈10-5 bar.  This  means  that  at  this  point  the  La1.5Sr0.5NiO4 is 
stoichiometric.
In  case  of  La1.5Sr0.5NiO4  at  1173K  and  1073  K  the  oxygen  interstitial 
concentrations  cross  the  oxygen  vacancy  concentrations  at  oxygen  partial 
pressure  of  ≈10-6 respectively  ≈10-7,  with  decreasing  the  temperature  the 
stoichiometric point is shifted to the smaller oxygen partial pressure.
13.3.2.Modelling Oxygen Fluxes  
After  the  experiment  described  in  Chapter  9  for  La1.5Sr0.5NiO4 were 
obtained the results presented in Fig 13.4.
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Fig.13.4.  La1.5Sr0.5NiO4 experimental  data  oxygen  flux  versus  oxygen  partial 
pressure on the permeate side, obtained in the experiment described in chapter 
of oxygen permeation fluxes for several temperatures indicated in the upper 
right corner. The dot lines are a guide to the eyes. The numbers in the brackets 
are listed for the measurements at the same temperature.
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Due to the difficulties in high temperature measurement only for limited 
experiments data was evaluated.
According to the result of the oxygen permeation the compound exhibit 
permeability and the oxygen permeability decrease with decreasing of oxygen 
partial pressure on the permeate side.
Using the equation (13.51) the corrected oxygen permeation fluxes for 
each  temperature  were  fitted  using  as  fitting  parameters   ∗vu  and  
∗
iu ,  the 
effective mobilities of vacancies and respectively of interstitials.
The results of the fit are summarized in table 13.2.
Temperature [K] 1073 1173 1223
∗
iu , [10
-8 m2 V-1 s-1] 1.4 2.7 3.7
Table  13.2. The  effective  mobilities  of  oxygen  interstitial  obtained  for 
La1.5Sr0.5NiO4. The mobility 
∗
vu  of oxygen vacancies was set to zero.
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Fig.13.5.  La1.5Sr0.5NiO4 experimental  data  oxygen  flux  versus  oxygen  partial 
pressure on the permeate side. The solid lines are fitted oxygen permeation 
fluxes.
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The quality of the fit was almost independent of value of ∗vu . In case of the 
unreasonable high values of  ∗vu  the fits are affected in the region of oxygen 
partial pressure where the experimental data are obtained.
From Fig.  13.3.,  Kröger-Vink  diagram,  defect  concentrations  versus  oxygen 
partial pressure for La1.5Sr0.5NiO4 at 1223 K it can be observed that the oxygen 
vacancy concentration  is  much smaller  than oxygen interstitial  concentration 
that  explain  why  the  for  the  contribution  of  oxygen  vacancies  cannot  be 
obtained significant values.
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Fig.13.6.  For La1.5Sr0.5NiO4 at  1223  K,  oxygen  partial  fluxes,  separately  for 
oxygen interstitial and oxygen vacancy versus oxygen partial pressure on the 
permeate side.
According to the results presented in Fig.13.6. for La1.5Sr0.5NiO4 at 1223 K, 
oxygen partial fluxes, separately calculated for oxygen interstitial and oxygen 
vacancy versus oxygen partial pressure on the permeate side can conclude the 
fluxes assumed to be due to the oxygen interstitial have larger values compared 
to the oxygen fluxes due to the oxygen vacancies  at  higher oxygen partial 
pressure. 
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Calculations  extended  to  lower  oxygen  partial  pressure  show that  the 
oxygen partial fluxcontribution due to the oxygen interstitials levels off and the 
partial flux contribution due to the oxygen vacancy is increasing exponentially 
with decreasing of oxygen partial pressure.
Similar behaviour was observed in case of La1.5Sr0.5NiO4 at 1113 K and 1073 K, 
for oxygen partial fluxes, separately for oxygen interstitial and oxygen vacancy 
versus oxygen partial pressure on the permeate side as is shown in Fig.13.7.
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Fig.13.7.  For La1.5Sr0.5NiO4 at  1113  K  and  1073  K,  oxygen  partial  fluxes, 
separately  for  oxygen interstitial  and  oxygen vacancy  versus  oxygen partial 
pressure on the permeate side.
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13.4. La2-xSrxNiO4 aging
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Fig.13.8.  For the same La1.5Sr0.5NiO4 sample at 1173 K, oxygen fluxes versus 
oxygen partial pressure on the permeate side. With 1st,  2nd and 3rd range are 
designed full range measurement varying the carrier gas on the permeate side. 
The dot lines are a guide to the eyes.
Fig.13.8. reveals the aging of La1.5Sr0.5NiO4.  Oxygen fluxes at the same 
temperature are plotted versus oxygen partial pressure on the permeate side. 
With  increasing  duration  of  the  experiment  the  oxygen  flux  at  identical 
conditions:T, p’(O2), p’’(O2).
The dot  lines  are  guide  to  the  eyes.  One,  from higher  oxygen partial 
pressure to smaller oxygen partial pressure, shows the way how the carrier gas 
flux was varied. The time indicate when the oxygen flux was registered and is 
calculated having as reference 0h. The perpendicular red dot line guides the 
eyes to oxygen partial pressure, x-axis, and oxygen fluxes, y-axis.
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From Fig.13.8. the rate of degradation, (dj(O2)/dt), was evaluated and it 
was found to be 1.5·10-3 from initial value of oxygen flux.
The origin of the oxygen fluxes is not well known but may be the forming 
of  amorphous  layers  at  the  surface  of  the  membrane  according  to  the  XRD 
pattern may be due to the incorporating excessive oxygen since another phase 
formation was not the detected but the reflexions are broader compare to the 
XRD pattern before the experiment.
After the experiment a porous layer was formed on the side exposed to 
the carrier gas.
The Arrhenius plots of  ∗
iu , effective oxygen interstitial  mobility versus 
1000/T, gives a straight line and the activation energy calculated from the plot 
was found to be Ea= 80.5(±12) kJ/mol.
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14.Thermodynamical stability under large oxygen chemical gradient-Results  
After the experiment described in Chapter 10 X-ray analysis was used on 
powder samples and crushed samples to find out phase composition.
Typically  phase  changes  were  detected  after  72  hours  experimental 
conditions. A full reduction was not planned.
In Fig. 14.1. is shown a series of XRD patterns and after the experiments at 
same temperature 1173 K (middle and top) the effect on the La2NiO4 of oxygen 
partial pressure.
La2NiO4 as prepared is in bottom of the picture.
Already at the oxygen partial pressure of 9.43·10-15 bar the compound is not 
a single phase. In between oxygen partial pressure of 10-13 and 10-15 bar are not 
experimental data due to limitations of the equipment.
20 40 60 80
as prepared
2 Theta (deg)
T=1173K; p(O
2
)=1.21E-13 bar
In
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ns
ity
NiOLa2O3
La2NiO4 T=1173K; p(O
2
)=9.43E-15 bar
Fig. 14.1. A characteristic room temperature diffraction pattern of La2NiO4, as 
prepared in the bottom, and above after the experiment at 1173 K and different 
p(O2)
The new formed phases are La2O3, NiO and SrCO3.
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Summarizing  the  experimental  results  for  La2NiO4,  Fig.  14.2.,  oxygen 
partial pressure versus 1000/T, the phase boundary line may be the blue dot 
line.
With red dots are denoted the pints where the oxide was decomposed and the 
black dots are for the region where the oxide is still single phase stable 
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Fig.  14.2. The  diagram  is  summarizing  the  results  of  La2NiO4 after  the 
experiments for different temperatures and different p”(O2).
In Fig.14.2. the red colour is indicating decomposition region and the black 
colour is incating the region where the compound is a single phase. The blue 
dotted line is indicating the phase boundary, experimental and will be calculated 
in the later chapter.
A  similar  trend  was  found  for  the  Sr  doped  compounds,  La1-xSrxNiO4 
(x=0.1; 0.5; 1).
This is exemplified in Fig. 14.3.a.-Fig. 14.3.c. for La1.5Sr0.5NiO4 and La1.9Sr0.1NiO4 
after the experiment at 1273 K in different p(O2)  and at 1223 K in different 
p(O2).
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Fig.  14.3.a. A  characteristic  room  temperature  diffraction  pattern  of 
La1.9Sr0.1NiO4, as prepared in the bottom, and above after the experiment at 1223 
K and p(O2)
87
Miela-Anca Dragan
Defect Chemistry, Transport Properties and Thermodynamic Stability
of Acceptor Doped and Undoped Layered La2NiO4
20 40 60 80
2Theta (deg)
as prepared
T=1273K; p(O
2
)=1.31E-10 barIn
te
ns
ity
NiO
NiO
SrCO
3
La
2
O
3
T=1273K; p(O
2
)=1.40E-11 bar
T=1273K; p(O
2
)=1.35E-14 bar
La
1.5
Sr
0.5
NiO
4
Fig.  14.3.b. A  characteristic  room  temperature  diffraction  pattern  of 
La1.5Sr0.5NiO4, as prepared in the bottom, and above after the experiment at 1273 
K and different p(O2)
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Fig.  14.3.c. A  characteristic  room  temperature  diffraction  pattern  of 
La1.5Sr0.5NiO4, as prepared in the bottom, and above after the experiment at 1223 
K and different p(O2)
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The diagram from Fig. 14.5 have been constructed using the results for all 
compounds, La1-xSrxNiO4 (x=0; 0.1; 0.5; 1) after the experiment as a function of 
oxygen partial pressure, on the y-axis, and temperature, 1000/T, on the x-axis. 
The data of single phase is in black colour, and the red colour is assigned to the 
decomposition region.
Compared to La2NiO4 the reactivity of Sr doped compounds seems to be 
pretty  higher.  Drastic  changes  occur  for  high  Sr  concentration,  x=1  (blue 
colour), where was not observed any phase stability.
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2
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-single phase
 La
1.5
Sr
0.5
NiO
4
-decomposition region
 La
1
Sr
1
NiO
4
-decomposition region
Fig. 14.5. The diagram is summarizing the results of La1-xSrxNiO4 (x=0; 0.1; 0.5; 
1) after the experiments for different 1000/T and different p(O2).
After  de  investigation  using  SEM  and  EDX  method  on  the  pellet-samples 
morphological  change was observed.  The pellet  become porous as is  shown 
Fig.14.4.
In pictures 14.5.a and 14.5.bis presented backscattered and respectively 
EDX  image  of  LaSrNiO4,  cross  section,  after  the  experiment  at  T=1173  K, 
p(O2)=10
-14 bar.
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It  can be observed that  after  decomposition near the surface a porous zone 
where Sr is almost missing and in top a strong Sr (blue colour) segregation.
Nickel  seems  to  be  not  homogenous.  The  picture  is  a  characteristic 
representation  for  the  case  where  the  cations  from  oxide  have  different 
reactivity in CO2/CO atmosphere.
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Fig. 14.4. Characteristic SEM picture of 
La1Sr1NiO4 after the experiment
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Fig. 14.5.a.  Backscattered electron image of La1Sr1NiO4 after the experiment, 
T=1173 K, p(O2)=10-14 bar
Fig.  14.5.b.  EDX mapping on cross section of  LaSrNiO4 after  the experiment 
T=1173 K, p(O2)=10
-14 bar
Strontium Nickel Lanthan
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La2NiO4 and La1-xSrxNiO4  disintegrate in a certain oxygen partial pressure 
as a function of the temperature.
One can explain thermodynamically the observed results above mentioned
In case of La2NiO4 a possible mechanism is the following reaction 
La2NiO4⇄La2O3+Ni+½O2 (14.1)
where La2O3, O2 and Ni is obtained.
The corresponding equilibrium constant is
)NiOa(La
)a(Oa(Ni))Oa(La
K
42
2
1
232 ⋅⋅
= (14.2)
a(La2O3),  a(Ni),  a(O2),  a(La2NiO4)  are the chemical activities for  La2O3,  Ni,  O2 
respective La2NiO4.
With the assumption that the La2O3, Ni, O2 and La2NiO4 form as pure phases  the 
activity of these compounds are equal to 1.
The equation (14.2) is simplified to
1
)a(O11
K
2
1
2⋅⋅
=
 
(14.3)
and the oxygen partial pressure
2
2 K)a(O =  
(14.4)
Further
TR
GRΔ
eK ⋅
−
=  (14.5)
The  determination  of  the  free  enthalpy  GΔR  of  the  reaction  cannot  be 
determined directly, but can be calculate assuming a cyclic process. 
The La2NiO4 and  La2O3 are  covered with  the  following  hypothetical  reaction 
steps:
A.
2La+Ni+2O2⇄La2NiO4 (14.6)
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with
)NiO(LaHΔ 42298f =-2037.7 kJ/mol
)42298f NiO(LaSΔ =-375.8 J/(mol∙K)
)NiOG(LaΔ 42f  to be calculated
B.
2La+3/2O2⇄La2O3 (14.7)
with
)32298f O(LaHΔ =-1795.5 kJ/mol
)O(LaSΔ 32298f =-294.0 J/(mol∙K) 
)OG(LaΔ 32f  to be calculated
By subtraction of equation (14.6) to (14.7)
La2NiO4⇄Ni+½O2+La2O3 (14.8)
)NiOG(LaΔ 42R  to be calculated
According to law of Hess the free reaction enthalpy does not depend on 
which way La2NiO4 develops.
It applies:
)NiOG(LaΔ 42R = )NiOG(LaΔ 42f− + )OG(LaΔ 32f  (14.8)
)NiOG(LaΔ 42f  and )OG(LaΔ 32f  are the free formation enthalpies of the individual 
compounds.
Still remain to be calculated the thermodynamic data indicated above ( 298fHΔ  and 
298fSΔ  are  at  ambient  temperature,  298.15  K).  for  the  corresponding 
temperature used in experiment with the help of law of Kirchhoff.
∫+= T2
T1
p(T1)f(T2)f dTΔCHΔHΔ  (14.9)
∫+= T2
T1
p
(T1)f(T2)f dT
T
ΔC
SΔSΔ  (14.10)
94
Miela-Anca Dragan
Defect Chemistry, Transport Properties and Thermodynamic Stability
of Acceptor Doped and Undoped Layered La2NiO4
The free reaction enthalpy is written using the Gibbs-Helmholtz equation
(T2)f(T2)f(T2)f SΔT2HΔGΔ ⋅−=  (14.11)
Replacing the Gibbs'enthalpy (T2)fHΔ , (14.9), and (T2)fSΔ , (14.10), in to (14.11)
is received the equation
∫∫
∫∫
+⋅−=
−⋅−+=∆
T2
T1
p
2
T2
T1
p(T1)f2(T1)f
T2
T1
p
2(T1)f2
T2
T1
p(T1)f(T2)f
dT
T
ΔC
T - dT Δc  SΔT  HΔ  
dT
T
ΔC
TSΔTdTΔCHΔG
 (14.12)
For the heat capacity Cp the following general equation applies
25263
p T10dT10cT10baC
−−− ×+×+×+=
The values for the empirical  parameters from a, b,  c and d of the reactants 
products are from the literature and listed in table 14.1.
Table14.1.
a [kJ/mol] b [kJ/mol] c [kJ/mol] d [kJ/mol]
La 75 25.79 6.68 0 0
O2  
75 29.96 4.18 -1.67 0
La2O3 
 76 118 16 0 -12.4
β-Ni 75 25.08 7.524l 0 0
La2NiO4 
77 162.334 21.314l 0 -19.843
By using the literature, table 14.1., values in equation of heat capacity for the 
heat capacity of La2O3 and La2NiO4 is obtained
253
2pp32p32p
T109.895T1023.0921.48
)(Oc
2
3(La)2C)O(LaC)O(LaΔC
−−
⋅−⋅+=
−−=
 (14.13)
and 
253
p2pp42p42p
T1016.503T107.9325.754
(Ni)C)(O2C(La)2C)NiO(LaC)NiO(LaΔC
−−
⋅−⋅−=
−−−=
 (14.14)
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Now  )NiO(LaGΔ 42(T2)f  and  )O(LaGΔ 32(T2)f  can be calculated using the equation 
(14.12) with appropriate values pΔC  for different temperatures.
To the following calculation for pΔC  applies to T1= 298 K and T2= 1278 K.
2-
3-2-53-
3-2-53-
p2pp42p42p
2-
2-53-
3-2-6
2pp32p32p
T 1608900 -  T 0.0106  129.394                    
T) 10 7.04  (4.06 - )T 10 1.877 - T 10 0.258  (8.27 2 -                      
T) 10 1.6  (6.17 2 )T 10  19.843 - T 10 21.314  (162.334                    
(Ni)C - )(OC 2 - (La)C 2 - )NiO(LaC  )NiO(LaΔC
T 958450  -  T 0.0124 93.255                    
)T 10 1.877 - T 10 0.258  (8.27 3/2 -                      
T) 10 1.6  (6.17 2 )T 10  1.24 - T 0.016  (118                    
)(OC 3/2 - (La)C 2 - )O(LaC  )O(LaΔC
+=
++
+−+=
=
+=
+
+−+=
=
(14.15)
By  using  the  obtained  values  for  pΔC  can  be  calculated  ∆G1278(La2O3)  and 
∆G1278(La2O3)
kJ/mol  1504.023-                             
K) (mol / kJ  1000 / 540) - (683 K 1278-                                
kJ/mol  1000 / 31557) - (130056                                 
kJ/mol  1419.768                             
 /1000)T 
2
958450
  T 0.0124  lnT (93.255 K 1278 -                                
 /1000)T 958450   T 
2
 0.0124
   T (93.255                                
 kJ/mol 1419.768-                              
T 958450 - 0.0124  T 93.255 K 1278                                  
dT T 958450 - T 0.012493.255                                 
K)) kJ/(mol (-0.294 K 1278 - kJ/mol 1795.5-  )O(LaΔG
1278
298
2-
1278
298
1-2
2T
1T
3-1-
2T
1T
2-
321278
=
+
−=
++
+++
=
+−
++
⋅=
∫
∫
(14.16)
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kJ/mol  1670.674-                                
K) (mol / kJ  1000 / 749) - (940 K 1278 -                                 
mol / kJ  1000 / 44429) - (175281                                  
 kJ/mol  1557.4276-                                
 /1000)T 
2
1608900
  T 0.0106  lnT (129.394 K 1278 -                                  
 /1000)T 0160890   T 
2
 0,0106
   T (129.394                                   
 kJ/mol 1557.4276-                                
T 1608900 - 0.0106 T 129,394 K 1278                                    
dT T 1608900 - T 0.0106129.394                                    
 K)) kJ/(mol  (-0.3758  K 1278 - kJ/mol 2037.7-  )NiO(LaΔG
1278
298
2-
1278
298
1-2
2T
1T
3-1-
2T
1T
2-
421278
=
+
=
++
+++
=
+−
++
⋅=
∫
∫
(14.17)
Numerical solution for ∆G1278(La2O3) and ∆G1278(La2O3), (14.16) and (14.17) 
into (14.8) give the Gibbs' reaction enthalpy for the decomposition of La2NiO4
∆RG1278= ∆G1278(La2O3)-∆G1278(La2NiO4)= 166.651 kJ/mol (14.18)
Further can be calculate
7
RT
ΔG
-
101.54 e  K
−
⋅==  (14.19)
and
1
)a(O*1 * 1
  
)NiOa(La
)a(O  a(Ni)  )Oa(La
  K
1/2
2
42
1/2
232
=
⋅⋅
= (14.20)
One receives:
a(O2)= K
2= 2.38 10-14 (14.21)
This  value  derivates  by  3%  from  the  experimental  results,  which  is 
attributed to simplifications in calculation.
For T2 =1373 K, 1273 K and 1173 K were determined the values
)NiO(LaGΔ 421373f =-1728.435 kJ/mol (14.22)
97
Miela-Anca Dragan
Defect Chemistry, Transport Properties and Thermodynamic Stability
of Acceptor Doped and Undoped Layered La2NiO4
)O(LaGΔ 321373f =-1583.240 kJ/mol (14.23)
)NiO(LaGΔ 421273f =-1749.106 kJ/mol (14.24)
)321273f O(LaGΔ =-1595.286 kJ/mol (14.25)
)NiO(LaGΔ 421173f =-1764.769 kJ/mol (14.26)
)O(LaGΔ 321173f =-1607.711 kJ/mol (14.27)
If received values, from (14.22) to (14.27) are used in (14.8) the free enthalpy of 
the reaction, )NiOG(LaΔ 42R  has the values for the individual temperatures
)NiO(LaGΔ 421373f = 145.195 kJ/mol (14.28)
)NiO(LaGΔ 421273f = 153.83 kJ/mol (14.29)
)NiO(LaGΔ 421173f = 157.06 kJ/mol (14.30)
With  the  calculated  values,  (14.28)–(14.30)  now  is  possible  to  be 
determined the equilibrium constant of K from equation (14.5) for the individual 
temperatures:
K1173K = 1.015∙10
-7 (14.31)
K1273K= 4.885∙10
-7 (14.32)
K1373K = 2.996∙10
-6 (14.33)
Finally the following values for the oxygen partial pressure result from 
equation (14.4):
a(O2)1173K = 1.031∙10
-14 (14.34)
a(O2)1273K = 2.386∙10
-13 (14.35)
a(O2)1373K = 8.978∙10
-12 (14.36)
The  experimentally  determined  results  give  information  on  to  phase 
diagram of  the system La2NiO4 as  a  function of  the temperature and on the 
oxygen partial pressure.
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Calculated values are compared to the experimental data Fig. 14.2.
At a reaction temperature of 1373 K the oxide is decomposed in an oxygen 
pressure between 2.387∙10-14 bar and 2.118∙10-12 bar in La2O3 und Ni.
The theoretical value is with 8.978·10-12 bar.
For 1273 K no experimental values over the reduction stability of the La2NiO4 
could be determined in the context of this work.
If  is  assumed  that  the  dependencies  for  an  oxygen  partial  pressure 
between 2.5184·10-14 bar and 2.6881·10-12 bar the compound becomes unstable 
and the calculated value is 2.386·10-13 bar may be appropriate.
At 1173 K for an oxygen partial pressure between 2.702·10-14 bar and 
6.404·10-13 bar La2NiO4 is unstably. 
At  this  temperature  the  system  according  to  the  calculated  values  should 
decompose to an oxygen partial pressure of 1.031·10-14.
In the literature 78 data about the reduction stability of La2NiO4 at 1001°C 
and 1098°C (1274 K und 1371 K) as a function of the oxygen partial pressure 
exist.The phase boundary lines are for the lower temperature about p´´(O2) = 10
-
12 bar and for the higher temperature p´´(O2) =10
-10 bar.
Calculated and experimental data are in agreement with result from other 
reports.79
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15. Conclusions
The  oxygen  permeation  experiment  of  a  polycrystalline  pellet  shape 
sample with composition, La1-5Sr5NiO4 with thickness of 1.3 mm was conducted 
in air atmosphere, with the oxygen partial pressure on feed-side 0.21 bar.
The results show oxygen permeation flux lower than those determined for 
the undoped compound, La2NiO4. This is in agreement with the expected trend 
since by Sr doping, oxygen interstitial concentrations are decreasing.
A defect model and a transport model were calculated.
The literature data was used for oxygen nonstoichiometry in order to find the 
equilibrium constants.
The equilibrium constants were used further to fit experimental data of 
permeation presented in experimental work.
Oxygen  transport  modeling  was  done on  the  assumption  that  the  bulk 
oxygen transport is rate-limiting for the permeation.
The effective oxygen interstitial and vacancies mobilities were determined 
from experimental data fitting. Those show that the oxygen transport is mainly 
due to the oxygen interstitial  and a contribution to the oxygen transport for 
vacancies can be in the lower oxygen partial pressure, were experimental data 
does not exist at the moment.
Assuming that the oxygen interstitial and oxygen vacancies mobilities are 
equal an hypothetical picture of the oxygen defects contribution to the transport 
can be draw.
To  confirm  the  model  proposed  in  this  work  more  experimental  result  are 
needed in lower oxygen partial pressure.
The  second  experiment  was  done  to  get  informations  on 
thermodynamically stability of La1-xSrxNiO4 (x=0; 0.1; 0.5; 1) in different oxygen 
partial pressure and different temperatures.
The different oxygen partial pressures were achieved with CO2/CO gas 
mixture.
The  experimentally  determined  results  give  information  on  to  phase 
diagram of  the system La2NiO4 as  a  function of  the temperature and on the 
oxygen partial pressure. The phase boundary lines were calculated for La2NiO4 
due to the insufficient information for the doped compound.
A strong phase separation was observed in the case of compound with the 
high Sr content.
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1.6. Summary
The market for oxygen has grown significantly because many industrial 
processes require oxygen.
An  alternative  method  to  produce  oxygen  is  using  high  temperature  dense 
ceramic membranes.
Two  types  of  dense  membranes  can  be  distinguished,  the  solid  oxide 
electrolytes  and  the  mixed  ionic  electronic  conductors.  The  latter  type  of 
membrane is the subject of research of this thesis and is discussed in more 
details.
After  the  introduction  of  industrial  oxygen  uses  from  Chapter  1,  oxygen 
parameters transports are introduces in Chapter 3.
During of oxygen transport two basic processes occur in a single-phase ceramic 
membrane at steady state are discussed. In the bulk, coupled diffusion of oxygen 
ions and electrons takes place, while exchange reactions of oxygen from the 
lattice with molecular oxygen in the gas phase, occurs at both interfaces of the 
membrane.
Chapter 4 is describing the different defects in solid state.
The defects  can and do have an enormous impact on the properties of  real 
materials for instance on oxygen transport properties,
Chapter  5  is  describing  mixed  ionic  electronic  materials  and  also  the 
structure of doped and undoped La2NiO4.
Ceramic  oxides  materials  with  perovskite  related  structures,  e.g.  the 
K2NiF4 structure have been reported to exhibit substantial oxygen permeation 
flux,  which  makes  these  attractive  candidates  for  high-temperature  oxygen 
separation. In contrast to perovskite-type membranes, the oxygen flux in these 
materials is believed to be supported by oxygen interstitial ions.
In this work La2NiO4 based membranes were evaluated with respect to 
their transport properties, stability in different atmospheres and their aging.
The structure of La2NiO4 may be described as an intergrowth of rocksalt 
La2O3 layers and perovskite LaNiO3 layers. The rocksalt  layers accommodate 
interstitial oxygen, whereas the perovskite layers is assumed to host oxygen 
vacancies, according to theoretical calculations on point defect formation and 
migration
The preparation of the membranes, by a modified Pechini process, and 
experimental procedure are described in Chapter 6 as theoretical consideration 
and in Chapter 8 the experiment.
The prepared disc-shape membranes are characterised by Sem, EDX, and X-
ray.
In Chapter 9 the oxygen permeation measurements performed in air/Ar 
gradients are described.
Composition  analysis  of  the  permeate  stream  was  performed  by  gas 
mass-spectrometry.
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The  observed  oxygen  fluxes  could  be  described  in  terms  of  bulk 
diffusion-limited permeation behavior.
Model calculations were performed based on Wagner theory in conjunction 
with data of oxygen nonstoichiometry and diffusion coefficients from literature 
and it is detailed in Chapter13.
Defect  modeling  reveals  that  this  is  due  to  the large  concentration of 
mobile interstitial oxygen under oxidizing conditions. With decreasing p(O2) on 
the oxygen-lean side, the vacancy concentration in the membrane increases and 
the contribution of vacancy transport becomes more and more significant. The 
calculated mobilities of the vacancies and interstitials are approximately equal.
Because mixed conduction is attained for single phase material their phase 
stability is required.
Details on the experiment are given.
Thermodynamical  stability  was  studied  in presence  of  several  p(O2) 
achieved by  CO and CO2 mixtures for a number of compositions of Sr doped 
La2NiO4, at different temperatures and is described in Chapter 14.
With decreasing p(O2) and increasing the temperature it was observed that 
the material become unstable. A series of new phases were identified in strong 
reducing atmosphere.
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Appendix A
La(NO3)3*6(H2O) (Merck-Germany): M=433,02 g/mol
Sr(NO3)2 (Merck-Germany): M=211,63 g/mol
Ni(NO3)2*6H2O (Merck-Germany): M=290,81 g/mol
Citric acid (Merck-Germany): M=210 g/mol
Ethylen glycol (Merck-Germany): M=62,07 g/mol
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Appendix B
EDX results for different compositions of La2-xSrxNiO4+δ.
La2NiO4
Element analysed Calculated
[%] atomic
average of measured by 
EDX
[%] atomic
La 28.57 27.98
Ni 14.29 14.88
O 57.14 -
Total 100 -
La1.3Sr0.7NiO4+δ
Element analysed Calculated
[%] atomic
average of measured by 
EDX
[%] atomic
La 18.57 18.60
Sr 10 9.8
Ni 14.29 14.46
O 57.14 -
Total 100 -
La1.5Sr0.5NiO4+δ
Element analysed Calculated
[%] atomic
average of measured by 
EDX
[%] atomic
La 21.43 21.58
Sr 7.14 6.92
Ni 14.29 14.36
O 57.14 -
Total 100 -
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La1.7Sr0.3NiO4+δ
Element analysed Calculated
[%] atomic
average of measured by 
EDX
[%] atomic
La 24.29 24.28
Sr 4.29 3.77
Ni 14.29 14.81
O 57.14 -
Total 100 -
LaSrNiO4+δ
Element analysed Calculated
[%] atomic
average of measured by 
EDX
[%] atomic
La 14.29 14.10
Sr 14.29 13,31
Ni 14.29 15.45
O 57.14 -
Total 100 -
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